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ABSTRACT
This paper addresses the question of how strong the record of contiguity is for
the 250 million-year-old Diplodon lineage by examining the geographic and temporal
distribution of fossil specimens identified as Diplodon.
Diplodon (Mollusca, Bivalvia, Unionoida, Hyriidae) has a fossil record extend-
ing back to the Middle Triassic (Anisian Stage). The known distribution of fossil
specimens identified as this genus occurs on four continents (North America, South
America, Australasia, and Antarctica). The place of origin and pathways of range
expansion through time are far from well explained. Both fossil and extant freshwater
mussel taxa are subject to evolutionary and phenotypic morphological convergence,
which has resulted in problems of identification and classification.
Because of the tendency of freshwater mussels to converge toward similar mor-
phologies, project methods focused on metadata rather than the specimens them-
selves. The biostratigraphic ranges of specimens identified as Diplodon were deter-
mined in order to target temporal and geographic gaps in the fossil record. Without a
comprehensive taxonomic review, only Diplodon taxa in current use from documented
specimen locations are used in this report. This project has produced paleolandscape
maps of the regions that have recorded Diplodon specimens. These first-generation
maps were used to qualitatively analyze possible avenues of taxon dispersion through
time. Production of paleolandscape maps was based on a new methodology that can
be expanded for with other taxa on a global scale.
The evolutionary lineage represented by use of the name Diplodon is not well
supported. Geographic and temporal data suggest that hard-part morphology has
xvii
been an incorrect basis for classification. Five distinct temporal gaps of at least a
single geologic stage in duration were identified in the Diplodon fossil record between
245 Ma (beginning of the Anisian Stage) and 5 Ma (end of the Messinian Stage).
These gaps occurred during the 1) Middle Triassic (Ladinian); 2) Late Triassic–
Middle Jurassic (Norian–Bathonian); 3) Early Cretaceous (Berriasian–Barremian), 4)
late Early Cretaceous–Late Cretaceous (Albian–Cenomanian); and 5) early–middle
Eocene (Ypresian–Bartonian) intervals.
Gaps in the record are supported by 1) the pattern of additional specimens that
lack as much temporal resolution; 2) geographic distances and paleolandscape features
between known fossil localities; and 3) the species names applied to these specimens.
Continued study of genus-group morphological characters of fossil specimens and
molecular analyses of living specimens is necessary to create a Diplodon diagnosis that
takes into account morphologic variation (including convergence with other taxa) and
the geologic age and geographic relationships among specimens.
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CHAPTER 1
INTRODUCTION
1.1 Project Overview
The primary purpose of this project is to assess the validity of the implicit claim
that all fossil specimens identified as Diplodon are correctly identified and can be
assigned to the same genus. Specimens identified as Diplodon form a nomenclatural
lineage lasting from the Mid-Triassic (Anisian) to the present. In other words, this
study will evaluate how well each fossil occurrence fits into the potential range of a
taxon through geologic time and space. Relationships among Diplodon species are not
evaluated. Paleogeographic and temporal relationships among previously identified
Diplodon specimens can be taken into account in order to address this assertion. In
addition, the paleoenvironmental interpretation of and among occurrences can be used
to determine the qualitative probability of the survival of Diplodon in a reconstructed
paleolandscape derived from a depositional environment and fossil evidence. The null
hypothesis in the case of Diplodon is that these occurrences are correctly identified as
Diplodon and therefore belong to the same genetic lineage. Negative evidence cannot
disprove this hypothesis, but this study establishes a space-time framework through
which a preponderance of evidence may be used to suggest that specimens that have
been identified as Diplodon do not belong to this genus.
1.2 Introduction
This project models the the contiguity of the fossil record of Diplodon (Unionida:
Hyriidae) in time and space. This record is one of a widespread distribution of
specimens (four continents). Diplodon is an excellent example of a unionoid genus
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with a widespread distribution and a long geologic record with fossil species assigned
to a modern genus. It would seem inappropriate to apply this name over 250 million
years. Therefore, this project examines the contiguity of the specimen record through
geologic time to identify gaps in that record. The goal of this study is to determine if
gaps in the fossil record reflect an actual absence of Diplodon at that given time, or
a mere gap in information in the record. To resolve hiatal and paleogeographic gaps
in the record of Diplodon, or that of any other record, a model or method must be
built on certain premises. For example, once identified, biological (extant or fossil)
specimens become part of the voucher system, wherein they are placed in a permanent
repository as specimens against which other specimens can be compared. Taken as a
whole, the geographic and temporal distribution of these specimens can theoretically
be used to construct a distribution model of the genus (or other taxon level).
As fossil specimens typically lack soft-tissue preservation, identification and clas-
sification rest on hard-part morphology alone. Convergent evolution and convergent
phenotypes among taxa and individuals, respectively, can cause misidentification.
Misidentification in specimens leads to incorrect interpretation of phylogenetic rela-
tionships.
Working from the assumption that all fossil specimens identified as a single taxon
were in life a member of that taxon, geographic and temporal distribution maps
will be accurate. Areas where specimens are not found are because of primary and
secondary reasons. Primary reasons include unsuitable habitat, noninvasion of the
the taxon from neighboring regions, or previous extinction. Secondary reasons in-
clude nonpreservation of organisms as fossils, nondeposition of sediments, or erosion
of sediments and included fossilized material. Naturally, because not all specimen
identifications are accurate, this assumption is false (Vecchione et al., 2000). In tax-
onomic groups that are known to express strong convergence—such as freshwater
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mussels—geographic and temporal gaps among specimens identified as a single taxon
cannot be assumed to be solely the result of natural processes. Human identification
error must be taken into account.
Conceptual identification of any number of fossil specimens from sediment of dif-
ferent ages must necessarily imply a genetic relationship. If there was no direct genetic
relationship from specimens of one age to specimens of a later age, they cannot be the
same taxon. If specimens identified as the same taxon are in fact genetically related
(of the same lineage), there must have been a pathway along which individuals could
travel in space and time to produce a lineage. Specimen occurrence distributions
plotted on paleogeographic maps (maps representing the geography of the world as
the continental plates existed at the time) can be used to estimate the geographic
distance among specimen occurrences identified as the same taxon. Paleolandscape
reconstruction, or a reconstruction of the relative arrangement of paleoenvironments
during a given temporal interval, can be used to estimate the likelihood of dispersion
among these occurrences. Taxa are more or less associated with a particular paleoen-
vironment according to their contemporary paleoecology. Plotting occurrence dates
on a geologic time scale was used in this project to identify temporal gaps in the
Diplodon fossil record.
The goal of each of these techniques is to assess the strength of the lineage of spec-
imens implied by the use of the genus-group name Diplodon. The techniques referred
to here can be performed using only metadata: currently recognized species name,
collection data, and geologic age information. Morphological criteria are specifically
not included. Fossil morphology is rightly considered to be the gold standard for
identification purposes, but for the purposes of this study, when dealing with taxa
known to be highly convergent, it may be appropriate to utilize temporal and spatial
metadata to balance morphological interpretations. Use of the same name throughout
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geologic time implies the existence of a lineage. If specimen metadata disagrees with
the currently understood Diplodon lineage implied by consistent nomenclature, either
metadata or identifications must be incorrect. Conversely, if a researcher considers
identifying a new specimen as Diplodon, the specimen should fit within the existing
time/space framework.
Both specimen identifications (applied by various workers) and the contiguity of
the Diplodon lineage (implied by specimen identifications) are considered suspect,
but in order to test one, the other can be assumed to be correct. Because this is
not a taxonomic review of Diplodon, the null hypothesis is that the taxonomy reflects
the phylogeny of this lineage, and that the genus is monophyletic. That being the
case, for this project we assume that the gaps in the fossil record exist. By assuming
that all Diplodon specimen identifications are correct, the geographic and temporal
gaps can become apparent. A gap in the record can mean three things: 1) one or
more specimens are incorrectly identified as Diplodon and are incorrectly supporting
the Diplodon nomenclatural lineage; 2) other specimens may exist that should be
identified as Diplodon, which would support the Diplodon nomenclatural lineage; or
3) no rocks or fossils still exist for the time or space represented by the gap (secondary
loss of record). The first possibility is the result of a broken lineage. The second
requires additional work with specimens identified as other genera, and is beyond the
scope of this project. The third requires understanding the presence or absence of
applicable geology. Each interpretation of a gap in the fossil record can be the focus
of future research, both on fossil material and relevant geology of the time and place.
1.3 Introduction to Freshwater Mussels and the Hyriidae
Freshwater bivalves of the order Unionida (Table 1.1) are unique because they
use a host (predominantly fish) for the larval part of the life cycle (McMahon, 1991;
Wa¨chtler et al., 2001). Use of a freshwater fish host has distributed mussels from this
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order throughout nearly all freshwater environments on every continent, although no
extant forms are known from Antarctica (Bogan, 2008). Dispersal typically occurs
along freshwater (potentially brackish) corridors rather than across drainage divides.
Modern examples of the latter exist of distribution via both vertebrates and inverte-
brates (Bohonak and Jenkins, 2003; Green and Figuerola, 2005; Rees, 1965), but it
should be noted that unionoid dispersion was occurring long before the late Mesozoic,
before the appearance of powered bird flight (Sereno and Chenggang, 1992). Prior
to bird flight, transportation of freshwater mussels or host species across drainage
divides must have occurred by other mechanisms. Freshwater mussels are subject
to high degrees of evolutionary and phenotypic convergence (Hartman et al., 2006;
Ortmann, 1920; Watters, 1994). The focus of this product is the family Hyriidae
(suborder Hyriidina), particularly the genus Diplodon, which is represented by ex-
tant populations and fossil specimens (Table 1.2). Extant Diplodon populations are
known from both South America and Australasia. Of the extant hyriids for which
glochidial hosts are known, evidence suggests that they are host generalists; that is,
larvae can develop on more than one species of host. Glochidia of a small number of
Diplodon species have been observed to utilize individuals from at least nine families
of freshwater fish (Table 1.3), but hosts for many species are unknown.
1.3.1 Fossil and Modern Occurrences of Hyriidae
To interpret the record of fossil Diplodon, geologic time was divided into stage sets–
groups of contiguous geologic stages–delimited by existing stage boundaries (Table
1.6 ). Known fossil Diplodon occurrences from each stage set are summarized in Table
1.4. Stage sets are described more fully in Chapter 3.4.2. Where necessary, locality
information was correlated to global stages. Some occurrences could not be placed
within a single stage set because their positions in geologic time could not be well
constrained (Table 1.5).
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Figure 1.1: Distribution of extant Hyriidae from Bogan (2012).
Table 1.1: Classification of the Hyriidae (Nuttall, 1990; Bouchet et al., 2010; Carter
et al., 2011).
Class Bivalvia Linneaus, 1758
Infraclass Heteroconchia Hertwig, 1895
Cohort Uniomorphi Gray, 1854
Subcohort Unioni Gray, 1854
Megaorder Unionata Gray, 1854
Order Unionida Gray, 1854
Suborder Hyriidina Hoeh et al., 2009
Superfamily Hyroidea Swainson, 1840
Family Hyriidae Swainson, 1840
Subfamily Hyriinae Swainson, 1840
Tribe Diplodontini Ihering, 1901
Genus Diplodon Spix and Wagner, 1827
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Table 1.2: Fossil Diplodon taxa included in this project. Nuttall (1990) and Carter
et al. (2011) include supporting comments on the higher taxonomic ranks.
Taxon Author Page
Diplodon Spix and Wagner, 1827 21
Diplodon ampitheatri Schiller, 1926 22
Diplodon amygdalaeformis Wesselingh, 2006 23
Diplodon arrudai Mezzalira, 1974 23
Diplodon baqueroensis Morton, 1984 23
Diplodon batoviensis Martinez and Figueiras, 1991 24
Diplodon biblianus (Marshall and Bowles, 1932) 24
Diplodon bodenbenderi Doello-Jurado, 1927 26
Diplodon borealis Pilsbry, 1921 27
Diplodon burckhardti Mayer-Eymar, 1900 29
Diplodon calchaquensis Morton, 1992 29
Diplodon carolussimpsoni Pilsbry, 1921 29
Diplodon chilensis patagonicus (d’Orbigny, 1835) 30
Diplodon colhuapiensis von Ihering, 1903 30
Diplodon dasilvai Martinez and Figueiras, 1991 31
Diplodon esperanzaensis Camacho and Corte, 1957 31
Diplodon glaucus (Uliana and Camacho, 1975) 32
Diplodon gregoryi (Reeside, 1927) 32
Diplodon haroldi (Reeside, 1927) 33
Diplodon indianensis Wesselingh, 2006 33
Diplodon lewisi (Richards, 1948) 34
Diplodon longulus (Conrad, 1874) 34
Diplodon matildensis Morton and Herbst, 2001 36
Diplodon minor (de Oliveira Roxo, 1937) 36
Diplodon nordenskjoldi (Steinmann and Wilckens, 1908) 36
Diplodon oponcitonis Pilsbry and Olsson, 1935 37
Diplodon pehuenchensis (Doello-Jurado, 1927) 37
Diplodon rothi von Ihering, 1904 39
Diplodon saltensis Morton, 1992 39
Diplodon simplex Morton and Herbst, 2001 41
Diplodon transandinus Parodiz, 1963 41
Diplodon wanneri Pilsbry, 1921 41
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Table 1.3: Known glochidial hosts for extant Diplodon species. A general reference
for this information is the Mussel/Host Database (Cummings and Watters, 2013).
Diplodon Species Host Family Host Species Reference(s)
D. charruanus Erythrinidae Hoplias malabaricus Parodiz and Bonetto (1963)
D. chilensis
Atherinopsidae Odontesthes hatcheri Semenas et al. (1994)
Galaxiidae
Brachygalaxia bullocki Viozzi et al. (2008)
Galaxias platei McDowall (2000)
Percicthyidae Percichtys trucha Semenas et al. (1994)
Salmonidae Oncorhynchus mykiss Semenas et al. (1994)
D. delodontus delodontus
Characidae
Astyanax fasciatus Bonetto and Ezcurra (1963)
Charax stenopterus Bonetto and Ezcurra (1963)
Cichlidae
Aequidens sp. Bonetto and Ezcurra (1963)
Geophagus sp. Bonetto and Ezcurra (1963)
Curimatidae Schizodon fasciatus Bonetto and Ezcurra (1963)
Serrasalmidae Serrasalmus sp. Bonetto and Ezcurra (1963)
D. martensi Cichlidae
Gymnogeophagus
gymnogenys
Mansur (1999)
Table 1.4: Summary of known fossil Diplodon occurrences.
Stage Set1 Taxon2 State, Country Reference D-Number3
ZR Not included in this project.
LM Diplodon sp. Argentina Camacho de Alcalde (1975) 19689
Diplodon? sp. Brazil Gross et al. (2011) 458
Diplodon rothi Argentina von Ihering (1904) 10811
Diplodon rothi Argentina von Ihering (1904) 10810
Diplodon longulus Peru Kaandorp et al. (2006) 452
Diplodon longulus Peru Kaandorp et al. (2006) 451
Diplodon longulus Peru Kaandorp et al. (2006) 450
Diplodon sp. Brazil Latrubesse et al. (2007) 455
Diplodon longulus Peru Marshall (1928) 211
Diplodon longulus Peru Marshall (1928) 210
Diplodon longulus Peru Marshall (1928) 209
Diplodon longulus Peru Marshall (1928) 207
Diplodon longulus Peru Marshall (1928) 10808
Diplodon aff. Diplodon
guaranianus biblianus
Argentina Morton (1992) 10776
Diplodon aff. Diplodon
guaranianus biblianus
Argentina Morton (1992) 10775
1Stage sets are defined in Table 1.6 and average about 10 m. y. in duration.
2Some names have been updated for this table according to more recent literature (see Chapter
2).
3D-Number is a project identifier for each occurrence.
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Table 1.4: Summary of known fossil Diplodon occurrences (continued).
Diplodon sp. Argentina Morton (1992) 10783
Diplodon sp. Argentina Morton (1992) 10782
Diplodon (Ecuadorea)
biblianus
Argentina Morton (1992) 19703
Diplodon calchaquensis Argentina Morton (1992) 19705
Diplodon calchaquensis Argentina Morton (1992) 19704
Diplodon calchaquensis Argentina Morton (1992) 10778
Diplodon saltensis Argentina Morton (1992) 10781
Diplodon saltensis Argentina Morton (1992) 10780
Diplodon saltensis Argentina Morton (1992) 10779
Diplodon amygdalaeformis Peru Wesselingh (2006) 704
Diplodon indianensis Peru Wesselingh (2006) 705
Diplodon longulus Peru Wesselingh (2006) 703
Diplodon longulus Peru Wesselingh (2006) 702
Diplodon indianensis Peru Wesselingh et al. (2006a) 698
Diplodon indianensis Peru Wesselingh et al. (2006a) 701
Diplodon indianensis Peru Wesselingh et al. (2006a) 700
Diplodon indianensis Peru Wesselingh et al. (2006a) 699
Diplodon cf. Diplodon
longulus
Brazil Wesselingh et al. (2006b) 206
Diplodon cf. Diplodon
longulus
Brazil Wesselingh et al. (2006b) 205
CB Diplodon aff. Diplodon
longulus
Peru Kaandorp et al. (2006) 454
Diplodon aff. Diplodon
longulus
Peru Kaandorp et al. (2006) 453
Diplodon biblianus Ecuador Marshall and Bowles (1932) 168
Diplodon biblianus Ecuador Marshall and Bowles (1932) 166
Diplodon liddlei Ecuador Liddle and Palmer (1941) 167
Diplodon longulus Colombia Pilsbry and Olsson (1935) 19684
Diplodon oponcitonis Colombia Pilsbry and Olsson (1935) 460
PR Diplodon sp. Argentina Melchor et al. (1992) 192
Diplodon glaucus Argentina Uliana and Camacho (1975) 193
LB No occurrences.
Y No occurrences.
DT Diplodon colhuapensis Argentina von Ihering (1914) 19679
Diplodon colhuapensis Argentina von Ihering (1903) 19678
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Table 1.4: Summary of known fossil Diplodon occurrences (continued).
M Diplodon cf. Diplodon boden-
benderi
Argentina Casamiquela (1964) 10761
Diplodon bodenbenderi Argentina Coira (1979) 19694
Diplodon bodenbenderi Argentina Doello-Jurado (1927) 19680
Diplodon pehuenchensis Argentina Doello-Jurado (1927) 19681
Diplodon transandinus Chile Parodiz (1963) 19682
Diplodon aff. Diplodon boden-
benderi
Argentina Salgado et al. (2007a) 196
Diplodon aff. Diplodon boden-
benderi
Argentina Salgado et al. (2007a) 195
Diplodon aff. Diplodon boden-
benderi
Argentina Salgado et al. (2007a) 194
Diplodon sp. Argentina Salgado et al. (2007b) 707
C Diplodon sp. Argentina Nullo (1978)4 10770
TS ?Diplodon arrudai Brazil Mezzalira (1974) 10756
Diplodon sp. Argentina Gonza´lez Riga and Astini
(2007)
461
Ce No occurrences.
A No occurrences.
Ap Diplodon baqueroensis Argentina Morton (1984) 19702
H No occurrences.
BV No occurrences.
KT Diplodon batoviensis Uruguay Martinez and Figueiras (1991) 19688
Diplodon dasilvai Uruguay Martinez and Figueiras (1991) 10753
COx Diplodon matildensis Argentina Morton and Herbst (2001) 10792
Diplodon matildensis Argentina Morton and Herbst (2001) 10791
Diplodon simplex Argentina Morton and Herbst (2001) 19714
Diplodon simplex Argentina Morton and Herbst (2001) 19713
Diplodon simplex Argentina Morton and Herbst (2001) 10790
Diplodon simplex Argentina Morton and Herbst (2001) 10789
AB No occurrences.
T No occurrences.
SP No occurrences.
RH No occurrences.
N No occurrences.
Ca Diplodon lewisi Pennsylvania, USA Richards (1948) 697
4This occurrence is suspect because there are no illustrated or numbered specimens listed.
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Table 1.4: Summary of known fossil Diplodon occurrences (continued).
Diplodon carolussimpsoni Pennsylvania, USA Pilsbry in Wanner (1921) 226
Diplodon wanneri Pennsylvania, USA Pilsbry in Wanner (1921) 225
Diplodon borealis Pennsylvania, USA Pilsbry in Wanner (1921) 224
Diplodon? haroldi Texas, USA Reeside (1927) 222
Diplodon gregoryi Arizona, USA Reeside (1927) 10
L No occurrences.
An cf. Diplodon sp. Otago, New
Zealand
Campbell et al. (2003) 191
CO No occurrences.
Table 1.5: Summary of known fossil Diplodon occurrences that cannot be
limited to a single stage set. Some names have been updated according to
more recent literature (see Chapter 2). D-Number is a project identifier for
each occurrence.
Stage Range Taxon Country Reference D-Number
Tortonian-
Gelasian
Diplodon sp. Argentina Schillizzi and Luna
(2008)
10807
Tortonian-
Zanclean
Diplodon nordenskjoldi Chile Steinmann and
Wilckens (1908)
19685
Aquitanian-
Langhian
Diplodon sp. Chile Suarez and Em-
paran (1995)
462
Aquitanian-
Langhian
Diplodon sp. Chile Suarez and Em-
paran (1995)
463
Burdigalian-
Langhian
Diplodon aff. D. longulus Peru Kaandorp et al.
(2005)
459
Aquitanian-
Gelasian
Diplodon sp. Argentina Schillizzi and Luna
(2008)
228
Aquitanian-
Messinian
Diplodon aff. D. bristowi Colombia Bristow and Paro-
diz (1982)
10815
Rupelian-
Chattian
Diplodon chilensis patagonicus Argentina Parodiz (1969) 10750
Rupelian-
Chattian
Diplodon aff. D. colhuapiensis Argentina Morton and Sepul-
veda (1988)
10793
Rupelian-
Chattian
Diplodon aff. D. pehuenchensis Argentina Morton and Sepul-
veda (1988)
10794
11
Table 1.5: Summary of known fossil Diplodon occurrences that cannot be
limited to a single stage set (continued).
Rupelian-
Chattian
Diplodon aff. D. oponcitonis Argentina Morton and Sepul-
veda (1988)
10795
Rupelian-
Chattian
Diplodon aff. D. pehuenchensis Argentina Morton and Sepul-
veda (1988)
10796
Rupelian-
Chattian
Diplodon aff. D. oponcitonis Argentina Morton and Sepul-
veda (1988)
10797
Rupelian-
Chattian
Diplodon chilensis patagonicus Argentina von Ihering (1907) 19686
Thanetian-
Ypresian
Diplodon burckhardti Chile Mayer-Eymar
(1900)
19683
“Tertiary” Diplodon longulus Brazil Conrad (1874) 170
Campanian-
Maastrichtian
Diplodon sp. Argentina Bonaparte et al.
(1984)
708
Campanian-
Maastrichtian
Diplodon bodenbenderi Argentina Parras et al. (1996) 10800
Campanian-
Maastrichtian
Diplodon pehuenchensis Argentina Parras et al. (1996) 10801
Campanian-
Maastrichtian
Diplodon bodenbenderi Argentina Parras et al. (1996) 10802
Campanian-
Maastrichtian
Diplodon pehuenchensis Argentina Parras et al. (1996) 10803
Campanian-
Maastrichtian
Diplodon bodenbenderi Argentina Parras et al. (1996) 10804
Campanian-
Maastrichtian
Diplodon pehuenchensis Argentina Parras et al. (1996) 10805
Campanian-
Maastrichtian
Diplodon bodenbenderi Argentina Parras et al. (1996) 10806
Campanian-
Maastrichtian
Diplodon n. sp. Argentina Parras et al. (1996) 10812
Campanian-
Maastrichtian
Diplodon n. sp. Argentina Parras et al. (1996) 10813
Campanian-
Maastrichtian
Diplodon n. sp. Argentina Parras et al. (1996) 10814
Campanian-
Maastrichtian
Diplodon sp. Argentina Gonza´lez Riga
et al. (2004b)
19691
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Table 1.5: Summary of known fossil Diplodon occurrences that cannot be
limited to a single stage set (continued).
Cenomanian-
Campanian
Diplodon bodenbenderi Rio Argentina Wichmann (1927b) 10760
Cenomanian-
Maastrichtian
Diplodon sp. Argentina Wichmann (1927b) 10767
Cenomanian-
Maastrichtian
Diplodon bodenbenderi Argentina Wichmann (1927b) 10768
Cenomanian-
Maastrichtian
Diplodon bodenbenderi? Argentina Wichmann (1927a) 10769
Cenomanian-
Campanian
Diplodon pehuenchensis Argentina Wichmann (1927a) 19693
Cenomanian-
Campanian
Diplodon amphitheatri Argentina Schiller (1926) 19695
Cenomanian-
Maastrichtian
Diplodon bodenbenderi Argentina Wichmann (1927b) 19696
Aalanian-
Callovian
Diplodon esperanzaensis Antarctica Camacho and
Corte (1957)
464
1.4 Steps to Paleolandscape Reconstruction
Paleolandscape reconstruction, or a reconstruction of the relative arrangement of
paleoenvironments during a given temporal interval, is important in order to under-
stand the spatial pathways that organisms could have used to travel from one place
to another. Paleolandscape reconstructions have been done for numerous intervals
in geologic time (e.g., Potter, 1997; Wesselingh et al., 2006a; Hoorn et al., 2010b;
Scotese et al., 1999; Stigall and Lieberman, 2006). The following text explains the
steps taken here to reconstruct landscapes of dates greater than a few million years
before present. A priori to depositional environment maps and fossil occurrences,
sediments or sedimentary rocks must exist for some or all of the reconstructed area
and time. Landscapes can be determined for much younger dates (the end of the
last glacial maximum or the retreat of certain alpine glaciers over the last several
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years (Benn et al., 2012; Garc´ıa-Ruiz et al., 2012), for example, but can be excluded
because this project deals with time on the several-million-year scale.
More detailed descriptions of methodologies used for paleolandscape reconstruc-
tion in deep time can be found in Ford and Golonka (2003) and Scotese et al. (1999).
Complete data citation, interpretive comments, and common computer storage for-
mats are missing from many paleolandscape reconstructions.
1.4.1 Scope: Defining Time and Space Resolution
Constructing a paleolandscape map for any given area of interest (time and space)
requires delineation of a geographic area and a temporal interval of interest. Typically,
the available data and a preexisting study area help establish spatial resolution, tem-
poral resolution, temporal interval, and geographic area. As an example, the current
study has a geographical extent spanning North America, South America, Australa-
sia, and Antarctica; a temporal interval from the Middle Triassic to the present, a
temporal resolution averaging 9.94 m.y., and a spatial resolution of 1x1 degrees of
latitude and longitude. The source of these values is discussed in Chapter 2.2.
The geographic area of interest can be any area from a single locality all the way to
a regional or global scope (multiple localities). Larger areas mean more locality data
to integrate into the reconstruction; more detailed (higher resolution) reconstructions
mean the same. A shorter temporal interval will result in a better estimate of the
paleolandscape, but likely at the expense of how much data are available to fit into
that interval. For example, if an approximate reconstruction of a continental land-
scape during the Maastrichtian (Late Cretaceous) were being produced, a locality
that could not be dated with more certainty than the “Late Cretaceous” could not be
integrated into the dataset because the temporal interval covered is larger than the
resolution of the temporal interval. In other words, the locality could just as easily
be Cenomanian in age and still be in the Late Cretaceous. A small geographic area
14
will result in a small amount of data, but potentially at a higher spatial resolution. A
large geographic area requires a large amount of data, potentially at a lower spatial
resolution. At high temporal resolutions, some data may not be used due to inaccu-
racy, but the overall reconstruction should be more accurate; low temporal resolutions
result in the reverse.
1.4.2 Data Collection
Data for producing paleolandscape reconstructions can be collected once goal ge-
ography, time, and resolution have been established. No centralized source, clear-
inghouse, or repository yet combines geologic data with paleoenvironment, so this
information needs to be gathered piecemeal from available electronic databases, pub-
lished literature, and unpublished data. The Paleobiology Database (Uhen et al.,
2013) is the best resource currently available for this purpose and should be espe-
cially good for marine reconstructions, but does not yet cover all geographic areas or
temporal ranges. Digitized paleontology collections provide a wealth of information
on this front, as many fossil species can be tied to very specific environments, and
the current outlook on institutional support for continued digitization is good. Pa-
leoenvironmental data that do not fit within the geographic or temporal limits can
be set aside, although they should not be ignored. Chapter 5 includes a discussion
of how to establish such a database specifically for the purpose of paleoenvironment
and paleolandscape reconstruction.
1.4.3 Interpretation of Source Data for Paleolandscape Reconstruction
Interpretation of the data supporting a paleolandscape reconstruction is the “black
box” of the process. Many authors (e.g., Blakey, Scotese) have produced (and con-
tinue to produce) beautiful reconstruction maps that can serve as base maps to the
various types of geologic and paleontologic data. The data used for the construc-
tion of each map are often unstated and the specific time interval of time for each
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map is unknown or varies across the map. The amount of work that goes into these
interpretations is daunting, but the fields of paleontology, paleogeography, and pa-
leolandscape reconstruction have matured to the degree that collaboration and map
validation are inevitable. In order for the science to advance it is important that
supporting data be 1) available (e.g., published) to other researchers for independent
study and 2) able to stand up to independent analysis. Once a line is drawn on a
map, that line becomes a testable hypothesis, and additional inquiry should either
support or refute that new hypothesis.
1.4.4 Presentation of Paleolandscape Reconstructions
The final step in any paleolandscape reconstruction is presentation. This presenta-
tion can take the form of supporting data, narrative text, visual art (e.g., murals), or,
most commonly, maps. The problem with each of these products is that each requires
reinterpretation in order to be incorporated into a revised product, and the interpre-
tations made may not be what the original author intended. Using paleolandscape
reconstructions today implies trust in each previous researcher because verification is
difficult. No standardized method exists for sharing information between researchers,
so each map must necessarily start from the beginning.
1.5 Geologic Time Scale
The span of geologic time covered by this project is 250 million years (Figure 1.2).
Table 1.6 shows stages grouped together to form stage sets of similar duration. All
time scale information is based on the GeoWhen database Rohde (2012), which draws
most of its values from Gradstein et al. (2005).
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Figure 1.2: Geologic time scale used for this project.
Age Period Epoch Age/Stage
0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250 Permian
Triassic
Jurassic
Cretaceous
Paleogene
Neogene
Quaternary
Lopingian
Early
Middle
Late
Early
Middle
Late
Early
Late
Paleocene
Eocene
Oligocene
Miocene
Pliocene
Pleistocene
Holocene
Changhsingian
Induan
Olenekian
Anisian
Ladinian
Carnian
Norian
Rhaetian
Hettangian
Sinemurian
Pliensbachian
Toarcian
Aalenian
Bajocian
Bathonian
Callovian
Oxfordian
Kimmeridgian
Tithonian
Berriasian
Valanginian
Hauterivian
Barremian
Aptian
Albian
Cenomanian
Turonian
Coniacian
Santonian
Campanian
Maastrichtian
Danian
Selandian
Thanetian
Ypresian
Lutetian
Bartonian
Priabonian
Rupelian
Chattian
Aquitanian
Burdigalian
Langhian
Serravallian
Tortonian
Messinian
Zanclean
Piacenzian
Gelasian
Calabrian
Ionian
Tarantian
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1.6 Abbreviations
See Table 1.7 for abbreviations used herein. When chronologic units are named,
they generally appear in the format “Period (ICS Stage)” when the ICS stage is
available.
Table 1.7: Abbreviations
Abbreviation Meaning
aff. affinis, related to
AMNH American Museum of Natural History, New York, New York,
USA
ANSP Academy of Natural Sciences of Drexel University, Philadelphia,
Pennsylvania, USA (formerly Academy of Natural Sciences of
Philadelphia)
cf. confer, compares with
FCDP Departamento de Paleontologia, Facultad de Ciencias, Montev-
ideo, Uruguay
Fm Formation (lithostratigraphic)
Gp Group (lithostratigraphic)
ICS International Commission on Stratigraphy
INGEMMET Instituto Geolo´gico Minero y Metalu´rgico, Peru
MACN Museo Argentino de Ciencias Naturales, Buenos Aires,
Argentina
MLP Divisio´n Paleozoolog´ıa Invertebrados, Museo de Ciencias Natu-
rales de La Plata, Argentina
PZ-CTES Paleozoological Collection of the Facultad de Ciencias Exac-
tas, Naturales y Agrimensura de la Universidad Nacional del
Nordeste, Mendoza, Argentina
RGM Division of Fossil Mollusca, Nationaal Natuurhistorisch Museum,
Leiden, The Netherlands (formerly Rijksmuseum voor Geologie
en Mineralogie)
UFAC Universidade Federal do Acre, Brazil
USNM National Museum of Natural History, Washington, D.C., USA
(formerly United States National Museum)
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CHAPTER 2
FRESHWATER MUSSEL TAXONOMY
2.1 Introduction
This chapter includes the Diplodon species-group names that were available for
this project. Names considered synonyms of Diplodon species for this project are pro-
vided below with references. Project Diplodon taxa are from one or more localities
older than the Pliocene (Zanclean). This temporal cutoff was chosen in order to avoid
conflating occurrences less than about 5 million years old; the temporal relationships
and the paleoenvironments of these occurrences should be examined in more detail
than is used in this project for older specimens. Identifications are given as positively
attributed to a species, as similar (related, aff.), or compared (cf.) (see Table 1.2) to
a known species. Unless noted, no attempt has been made here to justify these iden-
tifications. Distinction is made between taxon-level (usually species) synonymy and
specimen-level reidentification where necessary or appropriate. Specimen numbers
are included where available.
In the following section, references to Diplodon taxa and specimens are summa-
rized, producing a chresonymy. In the literature records below, the original author
names and date, if different from the publication author, follows the taxon name as
used by the original species author, with the publication author separated by a semi-
colon (Matthews, 1973). Page and figure numbers are from the publication of the
year denoted. Years in italics represent publications without new material or new
occurrences, although they may contain nomenclatural revisions. Authors and dates
in parentheses following species names indicate that these species have been moved
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from the original genus name designated by the author(s). All of the species listed
here are included in the analysis, but no distinction is made among them; they are
all used as specimens identified as Diplodon.
2.2 Project Chresonymies
The following section lists occurrences of fossil specimens identified as Diplodon
without assignment to species.
Genus Diplodon Spix and Wagner, 1827
1927b Diplodon sp. Wichmann, p. 391–394 (according to Mancen˜ido and Dam-
borenea (1984))
1975 Diplodon sp. Camacho de Alcalde, p. 69
1978 Diplodon sp. Nullo, p. 49–50
1984 Diplodon sp. Bonaparte et al., p. 288
1992 Diplodon sp. Melchor et al., p. 154–155
1992 Diplodon sp. (forma juvenil) Morton, p. 85–86
1995 Diplodon sp. Suarez and Emparan, p. 26, 28
1996 Diplodon n. sp. Parras et al., p. 47–49
2003 cf. Diplodon sp. Campbell et al., p. 24
2004a Diplodon sp. Gonza´lez Riga et al., p. 50R
2007 cf. Diplodon sp. Latrubesse et al., fig. 6
2007b Diplodon sp. Salgado et al.
2007 Diplodon sp. Gonza´lez Riga and Astini, p. 293, 295
2008 cf. Diplodon sp. Schillizzi and Luna, p. 94, fig. 4
2009 Diplodon sp. Perea et al., p. 171
2011 cf. Diplodon? sp. Gross et al., p. 176
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Occurrence A complete list of Diplodon species identified in the pre-Pliocene (pre-
Zanclean) fossil record can be found in Tables 1.4 and 1.5. A complete list of oc-
currences identified as Diplodon in the pre-Pliocene (pre-Zanclean) fossil record can
be compiled from the species descriptions in this chapter; specimen numbers are in-
cluded where known. All fossil occurrences are from strata deposited in a freshwater
(lacustrine or fluvial) environment. These occurrences range from the Upper Triassic
(Carnian) of the eastern United States to the Recent of South America, including
specimens from Australia, New Zealand, and Antarctica.
Material available PZ-CTES 5117.
Remarks Parodiz (1969, p. 49) placed the fossil name Antediplodon (known only
from North America) in synonymy with Diplodon at the genus-group level, but later
(Parodiz, 1969) omitted it; “probably a sound decision” (Nuttall, 1990). Nuttall
(1990) recognized two subgenera: Diplodon (Diplodon) and Diplodon (Ecuadorea),
which questionably divided the genus. All taxa listed in this chapter are placed
under Diplodon (Diplodon) unless otherwise noted.
Diplodon amphitheatri Mancen˜ido and Damborenea, 1984
1926 Diplodon amphitheatri Schiller, p. 232 (nomen nudum)
1984 Diplodon (Prodiplodon) amphitheatri Schiller, 1926; Mancen˜ido and Dam-
borenea, p. 433, pl. IV
Occurrence This species is known from a single occurrence in the Upper Cretaceous
(Cenomanian–Campanian) Neuquen Group, R´ıo Negro, Argentina (Mancen˜ido and
Damborenea, 1984).
Material available MLP 303, 304, 5682, 5683, 5684, 5685, 5686, 6627, 7729, 10245a,
17895.
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Remarks No description, diagnosis, or specimen identifier was given by Schiller
(1926), who indicated that a description would be given in a later publication, but
specimens were collected by him. Mancen˜ido and Damborenea (1984) subsequently
described, designated, and illustrated the holotype and paratype.
Diplodon amygdalaeformis Wesselingh, 2006
2006 Diplodon amygdalaeformis Wesselingh, p. 221–223, figs. 283–284
2008 Diplodon amygdalaeformis Wesselingh, 2006; Wesselingh, p. 14
2010 Diplodon amygdalaeformis Wesselingh and Ramos, p. 315
Occurrence From Wesselingh (2006, p. 221): “Pebas Formation . . . (upper Middle
- lower Upper Miocene), Peruvian Amazonia.”
Material available RGM 456 390; INGEMMET TN27.
Diplodon arrudai Mezzalira, 1974
1974 ?Diplodon arrudai Mezzalira, p. 113–114, 129, pl. 1
1982 ?Diplodon arrudai Mezzalira, 1974; Mezzalira, p. 21
1989 ?Diplodon arrudai Mezzalira, 1974; Mezzalira, p. 79, pl. 12
1994 Diplodon arrudai Mezzalira, 1974; Simone and Mezzalira, p. 76, pl. 29
2002 Diplodon? arrudai Mezzalira, 1974; Senra, p. 218
2007 Diplodon arrudai Mezzalira, 1974; Ghilardi et al., p. 198, 202, fig. 1
2010 Diplodon arrudai Mezzalira, 1974; Ghilardi and Rosa, p. 114
2011 Diplodon arrudai Mezzalira, 1974; Ghilardi et al., p. 114
Occurrence Bauru Group, Upper Cretaceous, Sa˜o Paulo, Brazil.
Material available IGG 746-I.
Diplodon baqueroensis Morton, 1984
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1984 Diplodon baqueroensis Morton, p. 92–94, pl. 1
1991 Diplodon baqueroensis Morton, 1984; Martinez and Figueiras, p. 217, 222
2001 Diplodon baqueroensis Morton, 1984; Morton and Herbst, p. 163
Occurrence Lower member of the Baquero´ Formation, Santa Cruz, Argentina.
Material available PZ-CTES 5041, 5042, 5043, 5044, 5045, 5046, 5047, 5048, 5049.
Diplodon batoviensis Martinez and Figueiras, 1991
1991 Diplodon batoviensis Martinez and Figueiras, p. 221, fig. 4
2001 Diplodon batoviensis Martinez and Figueiras, 1991; Morton and Herbst, p.
163
2009 Diplodon batoviensis Martinez and Figueiras, 1991; Perea et al., p. 177
Occurrence Batov´ı Member of the Tacuarembo´ Formation (Kimmeridgian–Tithonian
(Perea et al., 2009)).
Material available FCDP 2225, 2321, 2325.
Diplodon biblianus (Marshall and Bowles, 1932)
1932 Ecuadorea bibliana Marshall and Bowles; p. 5, pl. 1, fig. 7–8
1934 Castalioides laddi Marshall, p. 78-80, figs. 1–3
1937 Ecuadorea bibliana Marshall and Bowles, 1932; de Oliveira Roxo, p. 6, figs.
2, 3
1941 Diplodon liddlei Palmer, p. 404, pl. 8
1945 Castalioides laddi Marshall, 1934; Palmer, p. 17–18, pl. 2
1950 Ecuadorea laddi (Marshall, 1934); Modell, p. 143, pl. 11
1969 Diplodon guaranianus biblianus (Marshall and Bowles, 1932); Parodiz p.
66–69
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1982 Diplodon bristowi Bristow and Parodiz, p. 26–27
1982 Diplodon liddlei Bristow and Parodiz, p. 26–27
1990 Diplodon (Ecuadorea) biblianus (Marshall and Bowles, 1932); Nuttall, p.
271
1990 Diplodon (Ecuadorea) laddi (Marshall, 1934); Nuttall, p. 271–272
1992 Diplodon aff. D. guaranianus biblianus (Marshall and Bowles, 1932); Mor-
ton, p. 82–83, pl. 1
Occurrence Biblian and Palo Pintado Formations (Miocene to Pliocene) of Canar,
Ecuador; Amazonas, Brazil; Salta, Argentina.
Material available USNM 372843, 372844; PRI 3996, 3997, 3998, 3999, 4000; PZ-
CTES 5109, 5164, 5165; SGM 3299.
Remarks Nuttall (1990) separated Ecuadorea at the level of subgenus. Each of
these named taxa and the specimens they represent are generally believed to belong
to Diplodon or the extant Rhipidodonta (Graf and Cummings, 2012; Simone, 2006).
The name Ecuadorea has undergone an interesting history, which is included here be-
cause the application of the genus name Diplodon to certain fossils (due to synonymy)
is affected. Both Modell (1950) and Parodiz (1969) considered Ecuadorea bibliana and
Castaliodes laddi Marshall, 1934, similar enough, based on external sculptural mor-
phology, to be combined. Parodiz (1969) and later Nuttall (1990) further commented
that the difference in hinge morphology cited by Palmer (1945) between Ecuadorea
and Castalioides is within the morphological range for living Diplodon guaranianus.
Haas’s (1969) classification, in competition with that of Parodiz (1969), retained
Ecuadorea and Castalioides as separate genera. Nomenclaturally, Morton (1992) is
the most recent author to even mention these names (and accepts Parodiz, 1969),
except for Simone (2006), who placed Ecuadora bibliana, a fossil, in synonymy with
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Rhipidodonta hylaea, an extant species. Extant Diplodon is generally distinguished
from Rhipidodonta by the parasitic nature (or, respectively, the lack thereof) of the
glochidia, a life-history feature that cannot be determined from fossil specimens. For
this project, specimens identified as Castalioides laddi and Ecuadora bibliana are
considered to be nomenclaturally equal with Diplodon guaranianus bibliana. Nut-
tall (1990, p. 272–273) had a fair amount to say on this taxon. Nuttall separated
this taxon from other related taxa at the subgeneric level, placing it in Diplodon
(Ecuadorea) rather than Diplodon (Diplodon). This practice seems less common to-
day in this family (Wesselingh, 2006)
Diplodon bodenbenderi Doello-Jurado, 1927
1927 Diplodon bodenbenderi Doello-Jurado, 1927, p. 411, pl. 3–4
1927b Diplodon sp. Wichmann, p. 391–393, pl. 3–4
1930 Diplodon bodenbenderi Doello-Jurado, 1927; Frenguelli p. 29, 32
1949 Diplodon bodenbenderi Doello-Jurado, 1927; Feruglio, p. 286
1961b Diplodon bondenbenderi Doello-Jurado, 1927 [sic]; Parodiz, p. 17
1963 ?Diplodon bodenbenderi Doello-Jurado, 1927; Casamiquela, p. 143
1964 Diplodon cf. ?Diplodon bodenbenderi Doello-Jurado, 1927; Casamiquela, p.
143
1968 Diplodon bondenbenderi Doello-Jurado, 1927 [sic]; Parodiz, p. 3
1969 Diplodon bondenbenderi Doello-Jurado, 1927 [sic]; Parodiz, p. 55-57
1969 ?Diplodon cf. ?Diplodon bodenbenderi Doello-Jurado, 1927; Casamiquela,
p. 201
1970 Diplodon bodenbenderi Doello-Jurado, 1927; Herbst and Camacho, p. 340
1979 Diplodon bondenbenderi Doello-Jurado, 1927 [sic]; Coira, p. 3—31, 33
26
1984 Diplodon (Antediplodon?) bodenbenderi Doello-Jurado, 1927; Mancen˜ido
and Damborenea, p. 436–437, pl. 4
1996 Diplodon aff. Diplodon bodenbenderi Doello-Jurado, 1927; Parras et al.,
47–49
2007a Diplodon aff. Diplodon bodenbenderi Doello-Jurado, 1927; Salgado et al., p.
395
Occurrence All occurrences are from the following Cretaceous formations in the
R´ıo Negro and Mendoza Provinces of Argentina: Neuquen Group and Malargue
Group (Cenomanian–Maastrichtian) (Mancen˜ido and Damborenea, 1984); Loncoche
Formation (Campanian–Maastrichtian) (Parras et al., 1996); Allen Formation (Sal-
gado et al., 2007a), Coli Toro Formation (Mancen˜ido and Damborenea, 1984), and
Jaguel Formation (Maastrichtian) (Parodiz, 1969) (Table 2.1).
Material available MACN 4253, 4255.
Diplodon borealis Pilsbry, 1921
1921 Diplodon borealis Pilsbry, p. 33, fig. 5
1927 Diplodon borealis Pilsbry, 1921; Reeside, p. 478
1928 Diplodon borealis Pilsbry, 1921; Whitney, p. 119
1935 Diplodon borealis Pilsbry, 1921; Henderson, p. 7, 24, 63
1957 Antediplodon borealis (Pilsbry, 1921); Modell, p. 196
1968 Diplodon borealis Pilsbry, 1921; Parodiz, p. 3, 14
1969 Diplodon borealis Pilsbry, 1921; Parodiz, p. 208
1989 Diplodon borealis Pilsbry, 1921; Good, p. 236
Occurrence Three specimens of this species are known from the New Oxford For-
mation (Kozur and Weems, 2007, Carnian) of York County, Pennsylvania, USA.
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Material available Three unnumbered specimens, likely voucher location at ANSP.
Diplodon burckhardti (Mayer-Eymar, 1900)
1900 Unio burckhardti Mayer-Eymar, p. 24, pl. 26
1940 Diplodon sp. Frenguelli, p. 80
1969 Diplodon burckhardti (Mayer-Eymar, 1900); Parodiz, p. 59
1983 Unio burckhardti Mayer-Eymar, 1900; Palma-Heldt, p. 67
Occurrence At least one specimen (holotype) from Araucan´ıa, Chile.
Material available At least one unnumbered specimen, likely voucher location at
MLP.
Diplodon calchaquensis Morton, 1992
1992 Diplodon calchaquensis Morton, p. 83–84
2011 Diplodon calchaquensis Morton, 1992; Galli et al., p. 170
Occurrence Palo Pintado Formation (Anzo´tegui and Horn, 2011, Miocene) of San
Carlos, Salta, Argentina.
Material available PZ-CTES 5110, 5111, 5112, 5113.
Diplodon carolussimpsoni Pilsbry, 1921
1921 Diplodon carolus-simpsoni Pilsbry, p. 34-35, pl. 2
1927 Diplodon carolus-simpsoni Pilsbry, 1921; Reeside, p. 476
1928 Diplodon carolus-simpsoni Pilsbry, 1921; Whitney, p. 119
1935 Diplodon carolus-simpsoni Pilsbry, 1921; Henderson, p. 63
1957 Antediplodon carolus-simpsoni Pilsbry, 1921; Modell, p. 196
Occurrence New Oxford Formation (Kozur and Weems, 2007, Carnian) of York
County, Pennsylvania, USA.
29
Material available At least two unnumbered specimens, likely voucher location at
ANSP.
Diplodon chilensis patagonicus (d’Orbigny, 1835)
1835 Unio patagonica d’Orbigny, p. 37
1893 Unio frenzelii von Ihering, p. 111–113, pl. 4
1904 Diplodon patagonicus von Ihering, p. 234
1906 Diplodon huapensis Bartsch, p. 394–395, pl. 27–29
1907 Diplodon anapensis Bartsch, 1906 [sic]; Pilsbry and Johnson, p. 36 (mis-
spelling of D. huapensis)
1907 Diplodon patagonicus (d’Orbigny, 1835); von Ihering, p. 468
1931 Diplodon chilensis patagonicus (d’Orbigny, 1835); Haas, p. 180 (according
to Parodiz (1969))
1969 Diplodon chilensis patagonicus (d’Orbigny, 1835); Parodiz, p. 62–66, pl. 5
Occurrence Unio frenzelii was described as extant by von Ihering (1893) and Ort-
mann (1921), as were U. patagonica, Diplodon patagonicus, and D. huapensis. Diplodon
patagonicus was extended into the Tertiary by von Ihering (1907).
Remarks Ortmann (1921) excluded U. patagonicus from D. patagonicus as men-
tioned by Reeve (1870), but U. patagonicus was reassigned to Diplodon by (Graf and
Cummings, 2012). Parodiz (1969) mentioned new fossil material collected from the
type locality of D. patagonicus in 1919 (that is, since the work of von Ihering, 1907),
but did not describe or illustrate it.
Diplodon colhuapiensis von Ihering, 1903
1903 Diplodon colhuapiensis von Ihering, p. 53-56
1907 Diplodon derbyi von Ihering, p. 466
30
1914 Diplodon colhuapiensis von Ihering, 1903; von Ihering
1979 ?Diplodon cf. Diplodon colhuehuapensis von Ihering [sic]; Coira (according
to Mancen˜ido and Damborenea, 1984, p. 437)
1988 Diplodon aff. Diplodon colhuapiensis von Ihering, 1903; Morton and Sepul-
veda, p. 151–152
1991 Diplodon colhuapensis von Ihering, 1903 [sic]; Martinez and Figueiras, p.
221
Occurrence Known from the Salamanca (Danian–Thanetian) and Norquinco (Rupelian–
Chattian) Formations of Chubut and Santa Cruz provinces, Argentina.
Material available PZ-CTES 5094.
Diplodon dasilvai Martinez and Figueiras, 1991
1991 Diplodon dasilvai Martinez and Figueiras, p. 219–221, fig. 3
1993 Diplodon dasilvai Martinez and Figueiras, 1991; Martinez et al., p. 962
2001 Diplodon dasilvai Martinez and Figueiras, 1991; Morton and Herbst, p. 163
2009 Diplodon dasilvai Martinez and Figueiras, 1991; Perea et al., p. 177
Occurrence Known from a single occurrence in Tacuarembo´ Formation (Kimmeridgian–
Tithonian), Tacuarembo´ Department, Uruguay.
Material available FCDP 2223.
Diplodon esperanzaensis (Camacho and Corte, 1957)
1957 Antediplodon esperanzaensis Camacho and Corte, p. 30
1970 Diplodon esperanzaensis (Camacho and Corte, 1957); Herbst and Camacho,
p. 340, fig. 3
1984 Diplodon esperanzaensis (Camacho and Corte, 1957); Morton, p. 90
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1991 Diplodon esperanzaensis (Camacho and Corte, 1957); Martinez and Figueiras,
p. 217
1993 Diplodon esperanzaensis (Camacho and Corte, 1957); Martinez et al., p.
926
2001 Diplodon esperanzaensis (Camacho and Corte, 1957); Morton and Herbst,
p. 161
Occurrence Known from a single occurrence in the Monte Flora Formation (Aalenian–
Callovian) on the Antarctic Peninsula, Antarctica.
Material available At least one unnumbered specimen; repository unknown.
Diplodon glaucus Uliana and Camacho, 1975
1975 Diplodon glaucus Uliana and Camacho, p. 369, pl. 1
Occurrence Known from the Vaca Mahuda Formation (Priabonian) of Rio Negro,
Argentina.
Material available At least one unnumbered specimen, likely voucher location at
UBA (Uliana and Camacho, 1975).
Diplodon gregoryi Reeside, 1927
1927 Diplodon gregoryi Reeside, p. 477–478, fig. 1
1935 Diplodon gregoryi Reeside, 1927; Henderson, p. 63
1957 Antediplodon gregoryi (Reeside, 1927); Modell, p. 196
1989 Diplodon gregori Reeside, 1927 [sic]; Good, p. 234
1993 Diplodon gregoryii Reeside, 1927 [sic]; Good, p. 156
1993 Diplodon gregoryi Reeside, 1927; Good, p. 157
1998 Diplodon gregoryii Reeside, 1927 [sic]; Good, p. 226
2011 “Diplodon” gregoryi Reeside, 1927; Skawina and Dzik, p. 868
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Occurrence One occurrence from the basal Chinle Formation (Carnian), Apache
County, Arizona, USA.
Material available USNM 73451.
Diplodon haroldi Reeside, 1927
1927 Diplodon? haroldi Reeside, p. 477, fig. 1
1935 Diplodon? haroldi Reeside, 1927; Henderson, p. 63
1957 Quadrula haroldi (Reeside, 1927); Modell, p. 197
1964 Unio (Diplodon) haroldi Reeside, 1927; Modell, p. 106 (mistake for Diplodon
haroldi Reeside, 1927)
1964 Archiparreysia haroldi (Reeside, 1927); Modell, p. 106
1985 Diplodon? haroldi Reeside, 1927; Kues, p. 188
1989 Diplodon haroldi Reeside, 1927; Good, p. 234
1993 Diplodon haroldi Reeside, 1927; Good, p. 156
1998 Diplodon haroldi Reeside, 1927; Good, p. 226
2001 “Diplodon?” haroldi Reeside, 1927; Watters, fig. 15.2
2011 “Diplodon?” haroldi Reeside, 1927; Skawina and Dzik, p. 868
2012 Archiparreysia haroldi Modell, 1964; Graf and Cummings
Occurrence One occurrence from the Dockum Formation (Carnian), Mitchell County,
Texas, USA (Reeside, 1927).
Material available USNM 73450.
Diplodon indianensis Wesselingh, 2006
2006 Diplodon indianensis Wesselingh, p. 224, figs. 285–287
2006a Diplodon indianensis Wesselingh, 2006; Wesselingh et al., p. 317, 321, fig.
2
33
2007 Diplodon indianensis Wesselingh, 2006; Wesselingh, p. 277
2008 Diplodon indianensis Wesselingh, 2006; Wesselingh, p. 14
2010 Diplodon indianensis Wesselingh, 2006; Wesselingh and Ramos, p. 314, fig.
18.8
Occurrence At least five occurrences from the Pebas Formation (Langhian) of Loreto
Department, Peru.
Material available INGEMETT TN28; RGM 456 391, 456 392, 456 393.
Diplodon lewisi (Richards, 1948)
1948 Antediplodon lewsi Richards, p. 3–4, fig. 2
1968 Diplodon lewisi (Richards, 1948); Parodiz, p. 7, 13–14
1969 Diplodon lewisi (Richards, 1948); Parodiz, p. 208
2011 Antediplodon lewisi Richards, 1948; Skawina and Dzik, p. 208
Occurrence Known from one occurrence in the Stockton or Lockatong Formation
(Carnian), Pennsylvania, USA.
Material available ANSP 18706.
Diplodon longulus (Conrad, 1874)
Synonomy here generally follows Wesselingh (2006):
1874 Triquetra longula Conrad; p. 29, pl. 1, fig. 10 “(non fig. 13)” (Wesselingh,
2006).
1928 Prodiplodon singewaldi Marshall; p. 2, pl. 1, figs. 3, 6.
1928 Prodiplodon bassleri Marshall; p. 3. pl. 1, fig. 1.
1928 Eodiplodon gardnerae Marshall; p. 4. pl. 1, figs. 2, 8.
1928 Prodiplodon paucarpatensis Marshall; p. 4, pl. 1. fig. 4.
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1928 Eodiplodon pebasensis Marshall; p. 5. pl. 1, figs. 5, 7.
1935 Triplodon latouri Pilsbry and Olsson, p. 16, pl. 15
1938 Specimen of Hyria Lamarck, 1819 identified by de Greve; p. 20, pl. 7, figs.
24, 25.
1941 Triplodon latouri Pilsbry and Olsson, 1935; Palmer, p. 47
1966 Specimen of Triplodon latouri Pilsbry and Olsson, 1935 identified by Willard
p. 90, pl. 56, fig. 1.
1968 Triplodon latouri (Pilsbry and Olsson, 1935); Richards, p. 60
1969 Diplodon singewaldi (Marshall, 1928); Parodiz, p. 72, pl. 7
1969 Diplodon bassleri (Marshall, 1928); Parodiz, p. 72–73, pl. 7
1969 Diplodon latouri (Pilsbry and Olsson, 1935); Parodiz, p. 62, pl. 4
1969 ?Triplodon longula (Conrad, 1874); Parodiz, p. 72
1990 Diplodon (Diplodon) longulus (Conrad, 1874); Nuttall, p. 270, fig. 302
1990 Diplodon sp. juv. Nuttall, p. 271, figs. 303-305
2002 Diplodon longulus (Conrad, 1874); Wesselingh et al., p. 39, fig. 7
2006 Diplodon longulus (Conrad, 1874); Wesselingh, p. 220–221, figs. 280–282
2006 Diplodon longulus (Conrad, 1874); Kaandorp et al.
2006 Diplodon aff. Diplodon longulus (Conrad, 1874); Kaandorp et al.
Occurrence Fossil specimens of this species are known from the Pebas, La Cira, and
Solimo¨es Formations (Chattian–Messinian) of Peru, Brazil, and Colombia
Material available ANSP 13108, 13080; INGEMMET TN25; RGM 456 386, 456 387;
UFAC 195, 196, 197, 198; USNM 370808, 370809, 370810, 370811, 370812, 370813,
370814.
Remarks Wesselingh (2006) does not mention Parodiz’s (1969) transfer of Triplodon
latouri to Diplodon. Parodiz illustrated only the type material for this species.
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Diplodon latouri is therefore part of Diplodon longulus according to Wesselingh (2006).
Nuttall (1990) showed that Diplodon singewaldi, a new combination of Prodiplodon
singewaldi and Prodiplodon paucarpatensis within Diplodon, is included within Diplodon
longulus by both Nuttall (1990) and Wesselingh (2006). Nuttall included T. latouri
in Ecuadorea.
Diplodon matildensis Morton and Herbst, 2001
2001 Diplodon matildensis Morton and Herbst, p. 161, figs. 4–5
2011 Diplodon matildensis Morton and Herbst, 2001; Gallego et al., p. 67
Occurrence Two occurrences from the La Matilde Formation (Callovian–Oxfordian)
of Santa Cruz, Argentina.
Material available PZ-CTES 5368, 5774, 5383, 5384, 5388, 5390.
Diplodon minor (de Oliveira Roxo, 1937)
1937 Ecuadorea? minor de Oliveira Roxo, 1937, p. 6
1969 Diplodon minor (de Oliveira Roxo, 1937); Parodiz, p. 216
Occurrence One occurrence in unnamed Pliocene deposits (Zanclean–Gelasian) of
Amazonas, Brazil.
Material available SGM N. 3323.
Remarks The single occurrence of this species occurs in stage set ZR, which is not
included in the current project.
Diplodon nordenskjoldi (Steinmann and Wilckens, 1908)
1908 Anodonta nordenskjoldi Steinmann and Wilckens, p. 35, fig. 1
1968 Diplodon nordenskjoldi (Steinmann and Wilckens, 1908); Parodiz p. 8
1969 Diplodon nordenskjoldi (Steinmann and Wilckens, 1908); Parodiz p. 59–60
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Occurrence Single occurrence described in the “terrestrial analog” of the Navidad
Formation (Tortonian–Zanclean), Tierra del Fuego, Chile (Parodiz, 1969).
Material available At least one specimen; repository unknown.
Diplodon oponcitonis Pilsbry and Olsson, 1935
1935 Diplodon (Rhipidodonta) oponcitonis Pilsbry and Olsson, p. 17
1968 Diplodon oponcitonis Pilsbry and Olsson, 1935; Parodiz, p. 8
1969 Diplodon oponcitonis Pilsbry and Olsson, 1935; Parodiz, p. 60–62, pl. 4
1988 Diplodon aff. Diplodon oponcitonis Pilsbry and Olsson, 1935; Morton and
Sepulveda, p. 152
1990 Diplodon (Rhipidodonta) oponcitonis Pilsbry and Olsson, 1935; Nuttall, p.
337
Occurrence Table 2.2 summarizes known occurrences of Diplodon oponcitonis.
Material available ANSP 13086; PZ-CTES 5095 (lot).
Diplodon pehuenchensis Doello-Jurado, 1927
1927b Diplodon sp. Wichmann, p. 394–395, pl. 3–4
1927 Diplodon colhuapensis von Ihering, 1903, var. pehuenchensis Doello-Jurado,
p. 410–411, pl. 3–4
1949 Diplodon pehuenchensis Doello-Jurado, 1927; Feruglio, p. 286
1961a Diplodon pehuenchensis Doello-Jurado, 1927; Parodiz, p. 2
1964 Diphodon pehuenchensis Doello-Jurado, 1927 [sic]; Casamiquela, p. 287
1968 Diplodon pehuenchensis Doello-Jurado, 1927; Parodiz, p. 9
1969 Diplodon pehuenchensis Doello-Jurado, 1927; Parodiz, p. 56–57
1970 Diplodon pehuenchensis Doello-Jurado, 1927; Herbst and Camacho, p. 340
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1979 ?Diplodon cf. Diplodon colhuehuapensis von Ihering, 1903 [sic]; Coira, p.
31–33
1984 Diplodon pehuenchensis Doello-Jurado, 1927; Mancen˜ido and Damborenea,
p. 437
1988 Diplodon aff. pehuenchensis Doello-Jurado, 1927; Morton and Sepulveda,
p. 152
1996 Diplodon pehuenchensis Doello-Jurado, 1927; Parras et al., p. 47–49
Occurrence Table 2.3 summarizes known occurrences of Diplodon pehuenchensis.
Material available ANSP 13086; PZ-CTES 5095 (lot).
Diplodon rothi von Ihering, 1904
1904 Diplodon rothi von Ihering, p. 236–237, fig. 6
1907 Diplodon rothi von Ihering, 1904; von Ihering, p. 466
1968 Diplodon rothi von Ihering, 1904; Parodiz, p. 9
1969 Diplodon rothi von Ihering, 1904; Parodiz, p. 69–70, pl. 7
Occurrence Two occurrences in the Collon Cura Formation (Langhian–Messinian),
Chubut, Argentina.
Material available Type specimen at MACN (Parodiz, 1969).
Diplodon saltensis Morton, 1992
1992 Diplodon saltensis Morton, p. 84–85, pl. 1
2011 Diplodon saltensis Morton, 1992; Galli et al., p. 170
Occurrence Three occurrences from the Palo Pintado Formation (Tortonian–Messinian),
Salta, Argentina.
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Material available PZ-CTES 5114, 5115, 5116.
Diplodon simplex Morton and Herbst, 2001
2001 Diplodon simplex Morton and Herbst, p. 160–161
2011 Diplodon simplex Morton and Herbst, 2001; Gallego et al., p. 67
Occurrence Four occurrences from La Matilde Formation(Callovian–Oxfordian) of
Santa Cruz, Argentina.
Material available PZ-CTES 5773, 5774, 5775, 5776.
Diplodon transandinus Parodiz, 1963
1963 Diplodon transandinus Parodiz, p. 145–146, pl. 11
1968 Diplodon transandinus Parodiz, 1963; Parodiz, p. 10
1969 Diplodon transandinus Parodiz, 1963; Parodiz, p. 57–59, pl. 3
1970 Diplodon transandinus Parodiz, 1963; Herbst and Camacho, p. 340
Occurrence A single specimen from the Jaguel Formation (Maastrichtian) of Colch-
agua, Chile.
Material available One specimen, likely voucher location at the Carnegie Museum,
Pittsburgh.
Diplodon wanneri Pilsbry, 1921
1921 Diplodon wanneri Pilsbry, p. 34; pl. 3
1927 Diplodon wanneri Pilsbry, 1921; Reeside, p. 477
1928 Diplodon wanneri Pilsbry, 1921; Whitney, p. 120
1935 Diplodon wanneri Pilsbry, 1921; Henderson, p. 64
1957 Antediplodon wanneri Pilsbry, 1921; Modell, p. 196
1968 Diplodon wanneri Pilsbry, 1921; Parodiz, p. 14
1969 Diplodon wanneri Pilsbry, 1921; Parodiz, p. 208
41
Occurrence One occurrence, New Oxford Formation (Carnian), Pennsylvania, USA.
Material available Two specimens at ANSP (Richards, 1968).
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CHAPTER 3
METHODS
3.1 Introduction
To date, data availability has driven paleolandscape reconstruction through a
mixture of quantitative and qualitative assessment (see Chapter 1.4). This chapter
proposes a different approach to paleolandscape reconstruction in order to 1) improve
the reliability of qualitative and quantitative data; 2) allow adequate assessment
of the reliability of qualitative data at the observational and interpretational steps;
and 3) make these data available to researchers in a standardized format. Methods
described here are designed to improve paleolandscape reconstructions in continental
environments, which are generally more ephemeral and have lower preservational
rates than marine environments because of the requirement for burial of transient or
subaerial environments.
In addition, this chapter identifies the assumptions that must be met for the prac-
tical approach to paleolandscape reconstruction to be considered useful for nomen-
clatural investigation. In order to improve understanding of the relationship between
paleolandscape and paleobiogeography, the steps include data 1) gathering and verifi-
cation; 2) manipulation and transformation; 3) visualization as paleolandscape maps;
and 4) interpretation through these maps.
As part of data gathering, fossil specimen identification consists of two parts: 1)
a specimen (exhibiting specific characters, some of which may not be diagnostic) and
2) a name to be applied (carrying with it an entire classification system) (Parham
et al., 2012). When an identification is incorrect, the character traits diagnostic of
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a valid taxon concept 1) were misinterpreted or 2) not adequately preserved in the
specimen in question. For example, a misidentification may occur because
• the researcher has inferred a character state that does not exist, because the
diagnosis for that taxon concept has been ignored,
• the identification is based on character states that are evolutionarily or pheno-
typically convergent, either by chance or similar selective pressure.
With enough information, it is tempting to leave identifications up to computer soft-
ware, but the fact is that both humans and software may disagree at times, even
when using the same identification criteria (Culverhouse et al., 2003; Winston, 1999).
To challenge an identification based on morphological convergence, independent
data must replace morphology in the analysis. In the current study, morphology of
fossil specimens identified as Diplodon species has been replaced by geo- and biohis-
torical relationships among these specimens.
With data verified, paleoenvironmental and paleogeographic data were combined
to produce paleolandscape raster maps for averaged intervals of geologic time (e.g.,
stage set LM, 15.97–5.332 Ma, duration 10.638 m.y.). With data verification, eval-
uation of convergence, and paleolandscape reconstruction, hypotheses can be con-
structed about potential avenues of and barriers to taxon dispersion.
3.1.1 Tools
The analytical methods described here rely heavily on computer software tools
that were developed for the above tasks. Open source software was preferentially
used wherever possible. LibreOffice Calc was used to organize data for import into
Panorama Sheets, a flat-file database application that allows complex queries of
data in spreadsheet form (The Document Foundation, 2012; ProVUE, 2012). Quan-
tum GIS (QGIS, versions 1.7.9 and 1.8.0) was used to convert data exported from
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Panorama Sheets into a more general GIS format (ESRI Shapefile) (Quantum GIS
Development Team, 2012). The paleogeography software GPlates (Williams et al.,
2012) was used to load plate motion models (rotation files) for the purpose of re-
constructing past tectonic plate positions along with associated point data. The
statistical software R (including various packages) was used to manipulate data and
produce raster map files. PointTracker (Scotese, 2010b) was used to reconstruct point
data beyond 200 Ma (plate motion model used by this program is proprietary). All
software except PointTracker was run on an Apple MacBook Pro with Mac OS X ver-
sion 10.6.8 operating system. PointTracker was run on a Gateway desktop computer
with Windows 7 operating system.
3.2 Assumptions
Available data do not have the same spatiotemporal precision. These methods
assume that:
• Basic geological and paleontological principles hold true. For example, the
principle of uniformitarianism (actualism) is given as valid through the time
period of interest, the incompleteness of the fossil record is stipulated, and
the origin of new taxa before they appear as fossils is statistically supported
(Parham et al., 2012).
• Seton et al. (2012); Boucot et al. (2013) and other potential paleogeographic
plate motion models are relatively accurate interpretations of past plate posi-
tions and that GPlates software correctly interprets these models when deter-
mining past point locations. There will be continued debate as to which plate
motion model is correct for various temporal intervals; the current project is
concerned with internal consistency of paleoenvironmental interpretation rather
than determining a “correct” plate motion model.
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• Dispersion of freshwater mussel individuals is (and was) supremely difficult
across certain barriers, such as saltwater bodies and mountain-scale drainage
divides, and then only by chance (sweepstakes filter of Simpson (1940)). The
establishment of a viable population by passive dispersion of freshwater mussels
across such a large-scale (km) barrier would truly be a Black Swan event, in that
not only was it rare, sudden, and unexpected, but it also had an extreme impact
on the future of the lineage (Taleb, 2007). The term “Black Swan” was coined
for use in economics, but seems useful to consider in this context. The term
“extreme impact” is another example of a concept that has little qualitative
measurement, much like “Lazarus taxon” (see Appendix A for discussion).
• Many important parts of the rock record are preserved. “Important” parts are
those strata that could have retained record of an avenue of biodispersion or
geodispersion (Lieberman, 2000, ch. 3).
• The freshwater fish fauna of the area and time in question was cosmopolitan
enough to support a freshwater mussel population on a sufficient scale to permit
dispersion. As a corollary, Diplodon was not particularly host-specific to have
utilized the entirety of the fish fauna. Within this assumption is that assumption
that all Diplodon taxa used a fish host, which is questionable for certain modern
groups (e.g., Rhipidodonta). Under the null hypothesis, there must have been
a fish host available for Diplodon to have survived over the specified period of
time. In the case the nomenclatural lineage of Diplodon represents multiple taxa
rather than a single lineage, the specificity of the host/glochidia relationship
could be examined as as a possible cause of extinction, although interpreting
this in the geologic record would be very difficult.
• Any data errors did not have an effect on the results of this project. Potential
error comes from
46
– data collection (at any step along the path from original data collection,
– data entry (through publication or entry into the Paleobiology Database
(Peters, 2012); through conversion into the database used for this project),
– date estimation (whether methods used for dating are appropriate; whether
dates are precisely reported, etc.),
– location reporting (included in the project database, but not used directly
when producing maps), and
– taxonomic identifications of species used as proxies for different paleoenvi-
ronments are correct.
Error relating to the plate motion models being used is outside the scope of
this project, however maps produced with these methods could in the future
give insight into better plate motion models. The current researcher is still
responsible for assessing the validity of data to be used.
Note that assumptions relating to phylogenetic concepts, such as vicariance, do
not need to be addressed for the current study because this project does not address
the phylogeny of Diplodon. The concepts of dispersion or dispersal and extinction
remain important. Modified versions of two of the five principles of dispersalism
listed by Morrone and Crisci (1995, p. 377–378) are assumed here. First, “the
distribution of fossils is essential,” but because each occurrence gives us a point that (if
the identification is correct) anchors the taxon in time and space, not because we are
searching for a point of origin. Second, “organisms disperse as widely as their abilities
and physical conditions of the environment permit,” but as only one taxon name is
presently under study, consideration of taxonomic relationships is unnecessary.
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3.3 Locality Database
A flat-file database of project records, including known hyriid specimens, Paleo-
biology Database collections, literature localities, and digitized versions of published
paleolandscape maps was constructed using the software Panorama Sheets. This
database includes 40,714 records as of October 2012. There are 787 occurrences (one
or more specimens from the same locality) of taxa that can be placed under Hyri-
idae (Bogan, pers. comm.); 344 of these are either identified or synonymized with
Diplodon. The current database has 57 fields, some of which are variations in data
representation (Table 3.1).
Many records are points representing the center of 1 x 1 degree grid cells, each
representing an environmental interpretation from a paleolandscape map. Environ-
mental and occurrence data were stored as points in the database because entries
could be constructed from both point data (individual locality paleoenvironment in-
terpretation) or raster map data (previously released paleolandscape maps). Raster
map data are easily transformed using GIS software to point data for storage in the
database. Existing paleolandscape maps may or may not reference source data.
Table 3.1: Database fields used for this project.
Field Name Description
D no dissertation id Unique project ID
type Fossil occurrence or paleoenvironmental interpretation
family source Family of specimen according to ref1
genus working Genus of specimen as used for this project
genus current Genus of specimen as current in the literature
species current Species of specimen as current in the literature
48
Table 3.1: Database fields (continued).
ref genus species current Reference for the current genus or species
genus source Genus of specimen according to ref1
species source Species of specimen according to ref1
fossil genus Whether this genus occurs in the fossil record
n of specimens Number of specimens in ref1
types if any Type information in ref1
ref1 Source citation
ref1 note and page Source citation notes and page numbers
ref2 Secondary source citation
ref2 page Secondary source citation notes and page numbers
country Country of locality
state province State or province of locality
county County or district of locality
plss township PLSS township (if in USA)
plss range PLSS range (if in USA)
plss section PLSS section (if in USA)
plss quarters PLSS quarters (if in USA)
Location Description of where to find locality
location ref Source of locality location information
locality name Name of locality
locality name ref Source of locality name
latitude Latitude of locality
longitude Longitude of locality
datum projection Datum and projection of latitude and longitude
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Table 3.1: Database fields (continued).
precision km Precision of latitude/longitude pair in kilometers
lat long ref Source of latitude and longitude
pt paleolatitude Paleolatitude as determined by PointTracker software
pt paleolongitude Paleolongitude as determined by PointTracker software
geol formation Geological formation of locality
geol member Geological member of locality
geol strat position Lithostratigraphic position of locality
strat ref Source for lithostratigraphy information
environment Paleoenvironmental interpretation
env id Code number representing paleoenvironmental interpre-
tation
geochronologic age Interpreted age of locality in millions of years before
present (Ma)
ics stage actual ICS chronostratigraphic stage of the locality
other stage actual Non-ICS chronostratigraphic stage of the locality
age start ma Oldest possible interpreted age of the locality
age end ma Youngest possible interpreted age of the locality
age ref Source for age information
time slice ma Ten-million-year time slice the locality fits into
present absent Whether this taxon is present or absent at this locality
stage ref Source for chronostratigraphic information
stage group Stage set locality fits into
stage g start Oldest age of stage set according to GeoWhen
stage g end Youngest age of stage set according to GeoWhen
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Table 3.1: Database fields (continued).
notes Extra notes pertaining to this locality
PBDB search by If this locality is from the Paleobiology Database, what
query was used
Other search by If this locality is from another database, what database
and query were used
filenote A note briefly describing the file
PLATEID An empty field used after records are imported into
GPlates
3.4 Map Production
3.4.1 Spatial Considerations
Stigall (2012) used a 15-minute (latitude and longitude; about 28 km) grid of pa-
leoenvironment samples for ecological niche modeling of Late Ordovician brachiopods
over an area of about 300 x 300 km. Stigall Rode and Lieberman (2005) used a 0.5-
degree (about 56 km) grid cell spacing over a larger area of about 1000 km in length.
A cell size of 1 x 1 degrees (about 111 km) of latitude and longitude was chosen for
this project because it retains what is considered an appropriate amount of detail,
while not being so small as to unnecessarily capture small geographical errors in the
data (such as georeferenced maps and fossil localities known to only within a few
dozen kilometers).
3.4.2 Temporal Considerations
Stigall (2012) used nine unequal time slices over a period of about three m.y.,
and three depositional sequences bounded by unconformities, each one approximately
250,000–350,000 years in duration. Dera et al. (2011) used 13 unequal ammonite
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biochronozones to delineate time slices over 16 m.y. The time slices (stage sets) de-
fined for the current project are quite long in duration by comparison. Many fossil
Diplodon occurrences included in the dataset have fairly well-defined ages, however,
there are a number of localities that cannot be temporally confined to a single stage
set without additional field work. Thirty-six Diplodon occurrences could not be tem-
porally confined to a single stage set and were left out of the primary analysis (Table
1.5).
In order to reduce the number of occurrences with temporal boundary problems,
ICS stages from the Late Permian (Changhsingian) to the Holocene were grouped
together to form a series of 26 stage sets, each approximately 10 million years in
duration (shortest 5.1 m.y., longest 13.5 m.y., mean 9.94 m.y.) and each centered
approximately on 10 m.y. intervals (Figure 1.2). Each stage set was given a two- or
three-letter abbreviation. Using stage boundaries instead of absolute dates reduces
problems of converting a locality age expressed as a stage to an age expressed as
an absolute value. The goal duration of 10 m.y. was originally decided on because
PointTracker can only produce point rotations for certain dates. This duration was
retained because 10 m.y. time slices resulted in a manageable number of stage sets
over the period of time delineated by Diplodon occurrences. All specimen occurrences
and paleoenvironment localities used in this project have ages that fit within a single
stage set.
3.4.3 Geographic Information System (GIS)
The GIS software QGIS was used to plot interpreted specimen occurrence, pa-
leoenvironment, and drainage divide data (see Table 1.4 for Diplodon occurrences
used in this project). The command-line software gdal (GDAL Development Team,
2012) was used to convert areal (polygon) data to point data, each plotted point
representing the center of a grid cell intersected by that polygon. Chapter 2 reviews
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the identification of specimens of Diplodon species. Each occurrence was initially
plotted according to its present-day geographic position. Point data were chosen be-
cause each point 1) could be added to a flat-file database in Panorama Sheets and
subsequently queried; 2) could possess its own metadata; and 3) would be allowed
complete freedom of movement during paleogeographic reconstruction.
3.4.4 Available Paleoenvironmental Data
Published paleolandscape maps from publications with supporting data (Table
3.2) were used to generalize the environment of each 1 x 1 degree cell of a latitude–
longitude grid (see next section for environment categories in each cell). The project
grid stretches from (-180, 90) degrees in the top left (north pole) to (180, -90) degrees
in the bottom right (south pole). Published paleolandscape maps were georeferenced
in QGIS using the Georeferencer plugin and then manually traced onto a polygon
shapefile layer. Each environment represented by the resulting shapefile was converted
to a raster file using gdal rasterize (GDAL Development Team, 2012). An example
command is:
1 g d a l r a s t e r i z e −at −where ‘ environmen = ‘ ‘ marine ’ ’ ’ −burn 1 −
t s 360 180 −te −180 −90 180 90 − l ‘ ‘ s h a p e f i l e ’ ’ ‘ ‘
s h a p e f i l e . shp ’ ’ ‘ ‘ r a s t e r . g t i f f ’ ’
Using R, the resulting set of *.gtiff (GeoTiff) raster files was converted back into point
data (each point representing the center of a raster cell). The R code for this process
is included in Appendix B.1.
Paleoenvironmental Hierarchy
A hierarchy of paleoenvironmental settings was constructed for this project in
order to group similar environments during database queries and the rasterization
process. In the database, paleoenvironmental interpretations are converted to a nu-
meric code designed to capture this hierarchy. Only the environments listed below
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Table 3.2: Existing interpretive maps used to create database records for paleoenvi-
ronment.
Reference Figure Age Range and Geography
Berg et al. (1980) (digital) New Oxford Formation, Carnian, Pennsylvania, USA
CPRM–Servi co Geolo´gico do Brasil (2011) (digital) Paleocene continental formations, Brazil
Garrity et al. (2006) (digital) Middle–Upper Miocene, Venezuela
Gomez et al. (2009) Fig. 8 Lower Miocene, northern South America
Guzma´n and Fisher (2006) Fig. 15B Lower Miocene, northern South America
Guzma´n and Fisher (2006) Fig. 15C Lower Miocene, northern South America
Guzma´n and Fisher (2006) Fig. 15D Lower Miocene, northern South America
Hoorn and Wesselingh (2010) Pl. 15 Upper Miocene (c. 7–11 Ma), northern South America
Hoorn and Wesselingh (2010) Pl. 15 Middle Miocene (c. 11–16 Ma), northern South America
Hoorn and Wesselingh (2010) Pl. 15 Lower Miocene (c. 16–24 Ma), northern South America
Hoorn et al. (2010a) Fig. 8.8 Lower Miocene, northern South America
Hoorn et al. (2010a) Fig. 8.8 Upper Miocene, northern South America
Hoorn et al. (2010a) Fig. 8.8 Middle Miocene, northern South America
INGEMMET (2011) (digital) Paleocene continental formations, Peru
Lundberg et al. (1998) Fig. 19 Upper Miocene (10–8.0 Ma), South America
Lundberg et al. (1998) Fig. 18 Upper Miocene (11.8–10.00 Ma), South America
Lundberg et al. (1998) Fig. 16 Upper Oligocene–early Miocene (32–20 Ma), South America
Lundberg et al. (1998) Fig. 13 Upper early Paleocene (61–60 Ma), South America
Ortiz-Jaureguizar and Cladera (2006) Fig. 6 Middle–Upper Miocene, South America
Spalletti and Franzese (2007) Pl. 13B Albian, Lower Cretaceous, southern South America
were used. Of the four-digit code in Table 3.4.4, the first digit (e.g., 1000) represents
the highest level of the hierarchy, the second digit (e.g., 1100) the next level down,
and so on. Environments uninhabitable by Diplodon are included in order to define
limits to the habitable environments. Chapter 5.6.2 provides additional discussion of
paleoenvironment categorization.
Table 3.3: Environments used for this project. Numbers in parentheses are envi-
ronmental codes used during querying and rasterization. An existing environmental
hierarchy could not be found in the literature.
• (1000) brackish
– (1100) brackish, estuary/bay
– (1200) brackish, lagoon
• (2000) continental
– (2100) continental, volcanic, clastics
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– (2200)continental, upland
– (2300) continental, lowland
– (2400) continental, shield
• (3000) freshwater
– (3100) freshwater, fluvial
∗ (3110) freshwater, fluvial, deltaic
∗ (3120) freshwater, fluvial, channel
∗ (3130) freshwater, fluvial, crevasse splay
∗ (3140) freshwater, fluvial, floodplain
– (3200) freshwater, lacustrine
∗ (3210) freshwater, lacustrine, crater lake
∗ (3220) freshwater, lacustrine, large
∗ (3230) freshwater, lacustrine, small
• (4000) marine
– (4100) marine, shallow
– (4200) marine, deep
– (4300) marine, coastal
– (4400) marine, shallow subtidal
– (4500) marine, reef
– (4600) marine, offshore
– (4700) marine, deltaic
• (5000) terrestrial
– (5100) terrestrial, eolian
– (5200) terrestrial, alluvial fan
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• (6000) unknown
• (7000) potential drainage divide
– (7100) divide, continental, volcanic
– (7200) divide, continental, buttress
– (7300) divide, continental, mountains
3.4.5 Paleolocations
Diplodon taxon occurrence, paleoenvironment, and drainage divide data, all in-
cluding latitude-longitude coordinate pairs, were exported from the Panorama Sheets
locality database, and loaded into QGIS. These location data were then converted to
ESRI shapefiles, which were loaded into GPlates. In GPlates, the appearance and
disappearance dates of each point were set according to the beginning and end (in
millions of years) of the stage set of which each point was a part. The GPlates sample
data plate boundary file (“Global EarthByte GPlates PresentDay StaticPlate Poly-
gons 20111012.shp”) was used to assign a plate identification number (plate ID) to
each locality and the locality shapefile was saved under a new name (Matthews, 2012).
Following the assignment of plate IDs, the global paleogeographic rotation file
and coastline file produced by Seton et al. (2012) were loaded into GPlates. For each
stage set younger than 210 Ma, a plate reconstruction map was exported that included
shapefiles of 1) the localities included in that stage set and 2) the coastline file from
Seton et al. (2012). These reconstructions were based on the midpoint age of each
stage set, listed in Table 1.6. The reconstruction date for stage set RH was adjusted
to 200.00 Ma from 200.05 Ma in order to use the Seton et al. (2012) plate motion
model. For dates older than 200.00 Ma (stage sets N, Ca, L, and An), PointTracker
(Scotese, 2010b) was used to calculate paleopositions of occurrence and environment
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points. Also, plate reconstructions for stage sets N, Ca, L, and An were taken from
the PALEOMAP PaleoAtlas (Scotese, 2010a).
3.4.6 Raster Reconstructions and Final Maps
Each reconstructed point location shapefile was converted to a raster map based
on the paleoenvironment code field in the attribute table for that shapefile, using
custom R code listed in Appendix B. Two scenarios were used to guide the rasteri-
zation process. The first scenario (winner take all) assigned the paleoenvironment of
a cell based on the most predominant paleoenvironment, according to the number of
localities within that cell. The second scenario (freshwater wins) assigned the pale-
oenvironment to “freshwater” if any localities in a cell were identified as indicating
freshwater paleoenvironments (see Appendix B for R code).
Final reconstruction maps were produced in QGIS from
• paleoenevironmental raster maps derived from the database, the coastline file
from Seton et al. (2012), as reconstructed in GPlates (or the PALEOMAP
country reconstruction),
• the locality shapefile derived in GPlates, limited to display only Diplodon lo-
calities from that stage set, and
• a modern 20-degree latitude/longitude grid (produced in QGIS in map com-
poser).
Generalized geochronologic maps were reconstructed in GPlates for each stage set
from the Digital Atlas of Central and South America (Hearn et al., 2000) in order
to show the approximate presence and absence of surface exposures of strata from
which paleoenvironment could be interpreted (as suggested by Lieberman, 2000, Ch.
3). Geochronologic maps could not be reconstructed for stage sets earlier than 200.00
Ma because of the limits of the Seton et al. (2012) plate motion model in GPlates
and the use of PointTracker for older reconstructions.
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Color coding of the produced paleoenvironmental maps is not based on any pre-
vious model, although some color schemes do exist (e.g. Langford et al., 2001). To
simplify the resulting maps, similar environments were given the same colors. Colors
were selected to be as color-blind distinct as possible following Tol (2010).
3.5 Analysis
Maps produced by the methods described in Chapter 2.2 were examined qualita-
tively to assess the contiguity of Diplodon occurrences through time and space. Each
identification of a specimen as a species of Diplodon in the fossil record represents
a hypothesis that 1) the genus Diplodon existed before that date/stage set; 2) the
specimen was correctly identified; and 3) the Diplodon lineage is continuously rep-
resented to the present day (because we have modern Diplodon, all identified fossils
as such must be part of this lineage). Maps were examined in contiguous stage sets
in order to determine the possible routes of dispersion between the earlier and later
paleolandscape map.
The centroid of multiple Diplodon occurrences within a stage set were calculated
and plotted in QGIS using the “Mean coordinates” tool from package fTools, version
0.6.2 (Quantum GIS Development Team, 2012).
Rates of dispersion were not calculated because doing so would require absolute
dates that are typically not available. Only a very wide range of dispersion rates
can be calculated using stage sets, from zero (assuming dispersion occurred instan-
taneously between areas over time) to a value on the order of 20 m.y., (assuming
dispersion began at the beginning of one stage set and ended at the end of the sub-
sequent stage set).
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CHAPTER 4
RESULTS
4.1 Introduction
The methods described in Chapter 3 produced thirty-seven Diplodon paleoland-
scape reconstruction maps. Twenty-four stage sets were mapped, with reconstruction
maps beginning at 240.00 Ma and ending at 10.65 Ma. Map figures in this chapter
have been cropped to areas of interest regarding Diplodon distribution (full maps
available in Appendix C). For some stage sets, paleoenvironment reconstruction maps
were such that there was no difference between the winner take all and freshwater
wins models; maps from these stage sets are only included for the winner take all
condition.
4.2 Stage Set Reconstruction Maps
The geographic, temporal, and taxonomic patterns all generally support that the
identified gaps (Table 4.2) in the fossil record are real, which means that the genus
referred to as Diplodon may in fact be made up of multiple taxa. Continued study of
genus-group morphological characters of fossil specimens and molecular analyses of
living specimens is necessary to create a Diplodon diagnosis that takes morphologic
variation (i.e., convergence), geologic age, and past and present geographic relation-
ships into account. Discussion and implications of these qualitative results can be
found in Chapter 5.
Of the 24 stage sets for which maps were produced (Table 1.4), specimens identi-
fied as Diplodon were retrieved from 12, resulting in six Diplodon biochrons (temporal
ranges) made up of (and separated from each other by) at least one stage set. Oc-
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currence symbols on maps may overlap due to close proximity of occurrences. Under
the assumption that all specimen identifications are correct, the five temporal gaps
among Diplodon biochrons (Figure 4.1) represent the time periods that during which
the survival of a single genus lineage is the most questionable. These gaps may sim-
ply represent depositional hiati, periods of erosion, or conditions detrimental to fossil
preservation of these organisms, but without additional stratigraphic information the
cause of these gaps is difficult to interpret. Under the null hypothesis, specimens (that
can in fact be identified as Diplodon) should occur in these gaps in the record. This
result would depend upon examination of additional fossil material and is therefore
outside the scope of the current study.
The temporal gaps and biochrons in the Diplodon specimen record are listed from
oldest to youngest in Tables 4.2 and 4.1. The longest of these gaps (gap 2) is about
50 m.y. and the shortest (gap 1) about 9 m.y, with a mean duration of 23.7 m.y.
(standard deviation = 16.3 m.y.). In comparison, Diplodon biochrons range from
eight m.y. (biochron 1) to nearly 40 m.y. (biochron 5), with a mean of 20.0 m.y.
(standard deviation = 12.1 m.y.). These results appear similar, although the longest
gap is longer than the longest interval of consecutive stage sets that have preserved
specimens.
Each stage set reconstruction map is time-averaged; that is, these maps represent
environments that may or may not have existed during the same time interval within
each stage set. Each map is taken as a testable hypothesis concerning the spatial and
temporal relationships among adjacent cells that could occur under one plate motion
model with presently available paleontological data. Stage set reconstruction maps
presented here should not be treated as static maps (these data are available from
the author for future study). Table 4.4 contains map symbol definitions.
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Table 4.1: Duration of gaps and biochrons in the fossil record of Diplodon
Interval Stage Set(s) Min. Duration (m.y.)1 Max. Duration (m.y.)
Biochron 6 PR, CB, LM 31.763 31.973
Gap 5 Y, LB 18.3 18.9
Biochron 5 TS, C, M, DT 36.7 38.7
Gap 4 A, Ce 16.7 20.3
Biochron 4 Ap 11 15
Gap 3 BV, H 15.5 25.5
Biochron 3 COx, KT 11.2 27.2
Gap 2 N, RH, SP, T, AB 45.8 57.8
Biochron 2 Ca 7.5 15.5
Gap 1 L 5 13
Biochron 1 An 4.5 11.5
Table 4.2: Gaps and biochrons in the Diplodon fossil record.
Interval Stage Set(s) Start (Ma) End (Ma)
Biochron 6 PR, CB, LM 37.2± 0.1 5.332± 0.005
Gap 5 Y, LB 55.8± 0.2 37.2± 0.1
Biochron 5 TS, C, M, DT 93.5± 0.8 55.8± 0.2
Gap 4 A, Ce 112± 1 93.5± 0.8
Biochron 4 Ap 125± 1 112± 1
Gap 3 BV, H 145.5± 4.0 125± 1
Biochron 3 COx, KT 164.7± 4.0 145.5± 4.0
Gap 2 N, RH, SP, T, AB 216.5± 2.0 164.7± 4.0
Biochron 2 Ca 228± 2 216.5± 2.0
Gap 12 L 237± 2 228± 2
Biochron 1 An 245.0± 1.5 237± 2
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Figure 4.1: Diplodon biochrons (shaded) with genus-level diversity of continental
organisms during the Phanerozoic (modified from Benton, 2001, Fig. 3B).
Although percent coverage of each environment can be calculated for each re-
construction map, this operation was not performed on these maps because of the
inconsistency of the geographic areas involved. Coastal margins (Seton et al., 2012)
and country borders (Scotese, 2010a) are included as references to modern geogra-
phy, not as indicators of past sea level or paleoenvironment. Table 4.3 summarizes
the number of occurrences used in the stage set reconstructions (see Table 1.6 for
stage set abbreviations).
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Table 4.3: Occurrence data for stage set reconstruction maps. Figure columns denote
whether figures are included.
Stage Set Localities WTA3 Figure FWW4 Figure
LM 12305 X X
CB 5541 X X
PR 155 X
LB 98 X
Y 29 X
DT 874 X X
M 227 X X
C 121 X X
TS 209 X X
Ce 86 X X
A 1067 X X
Ap 136 X
H 205 X X
BV 138 X
KT 67 X X
COx 38 X
AB 65 X
T 103 X
SP 411 X
RH 37 X
N 481 X X
Ca 189 X X
L 72 X X
An 26 X
4.2.1 Stage Set An, 245(1.5)–237(2) Ma (error, m. y.), fig. 4.3
Middle Triassic (Anisian)
The potentially oldest known fossil specimen identified as Diplodon is reported
from the Tilson Sandstone at Kaka Point, Otago, New Zealand (Campbell et al.,
2003). The specimen was dated to the local Etalian stage (244–241 Ma), which
correlates to the Anisian ICS stage (Roser and Coombs, 2005). Although extant
Hyriidae are known from South America, Australia, New Zealand, and New Guinea
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Table 4.4: Symbols used on reconstruction maps.
Symbol Key
Red dots Diplodon occurrences
White star Diplodon centroid, one per map when multi-
ple occurrences are present during the same
stage set
Red lines Modern coastlines (Seton et al., 2012) or
country borders (Scotese, 2010a)
Gray lines Rough approximation of strata including the
stage set, accurate to ICS period at most
(Hearn et al., 2000)
Gray crosses Fixed 20-degree latitude/longitude grid pro-
duced in QGIS
Raster cell coloring See Figure 4.2
(Bogan and Roe, 2008), the fossil record does not retain further evidence of Diplodon
in Australasia until the present day (referenced earliest by Suter, 1913).
4.2.2 Stage Set L, 237(2)–228(2) Ma, Figs. 4.4 and 4.5
Middle Triassic (Ladinian)
No Diplodon occurrences are known from this stage set. South America and
southern North America paleogeography are shown here because of the shift in iden-
tified Diplodon specimens to North America between this stage set and the next.
Seventy-two environmental interpretations were used to create this stage set map.
The freshwater wins scenario results in more freshwater cells than the winner take all
rasterization method.
4.2.3 Stage Set Ca, 228(2)–216.5(2) Ma, Figs. 4.6 and 4.7
Late Triassic (Carnian)
Six different Diplodon species are known six Carnian-Stage occurrences across
North America (Pennsylvania, Texas, and Arizona, USA). The centroid for the av-
eraged North American population during this stage set was located in what is now
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the southern American midwest, although this is far ( 1500 km) from all occurrences.
No Diplodon occurrences are known from this or the previous time slice from areas
between the New Zealand Anisian occurrence and these Carnian localities.
4.2.4 Stage Sets N, RH, SP, T, and AB, 216.5(2)–164.7(4) Ma, Figs. 4.8, 4.9, 4.10,
4.11, 4.12, and 4.13
Late Triassic (Norian), Early Jurassic (Rhaetian–Toarcian), Middle Jurassic
(Aalenian–Bathonian)
No specimens identified as Diplodon are known from stage sets N, RH, SP, T, or
AB, which span 24.0–57.8 m.y. (taking into account the shortest and longest possible
coverage of the stage sets, including error).
4.2.5 Stage Set COx, 164.7(4)–155.7(4) Ma, fig. 4.14
Middle–Late Jurassic (Callovian–Oxfordian)
Two Diplodon species are known from six occurrences in what is now southern
Argentina. No differences were noted between the winner take all and freshwater wins
scenarios.
4.2.6 Stage Set KT, 155.7(4)–145.4(4) Ma, Figs. 4.15 and 4.16
Late Jurassic (Kimmeridgian–Tithonian)
Two Diplodon species are known from as many localities in what is now Uruguay.
The freshwater wins scenario results in a slight increase in the number of freshwater
grid cells over the winner take all method.
4.2.7 Stage Sets BV and H, 145.5(4)–125(1) Ma, Figs. 4.17, 4.18, 4.19
Early Cretaceous (Berriasian–Barremian)
No specimens identified as Diplodon are known from these stage sets BV or H.
4.2.8 Stage Aptian (Ap), 125(1)–112(1) Ma, fig. 4.20
Early Cretaceous (Aptian)
65
One occurrence identified as Diplodon is known from stage set Ap from southern
Argentina.
4.2.9 Stage Sets A and Ce, 112(1)–93.5(0.8) Ma, Figs. 4.21, 4.22, 4.23, 4.24
Early to Late Cretaceous (Albian–Cenomanian)
No specimens identified as Diplodon occurrences are known from stage sets A and
Ce.
4.2.10 Stage Set TS, 93.5(0.8)–83.5(0.7) Ma, Figs. 4.25, 4.25
Late Cretaceous (Turonian–Santonian)
Two occurrences of specimens identified as Diplodon are known from stage set TS
in central and southern South America.
4.2.11 Stage Set C, 83.5(0.7)–70.6(0.6) Ma, Figs. 4.27, 4.28
Late Cretaceous (Campanian)
One occurrence identified as Diplodon is known from stage set C in what is now
Argentina.
4.2.12 Stage Set M, 70.6(0.6)–65.5(0.3) Ma, Figs. 4.29, 4.30
Late Cretaceous (Maastrichtian)
At least three species of Diplodon from nine localities are recorded from stage set
M and are clustered in southern South America.
4.2.13 Stage Set DT, 65.5(0.3)–55.8(0.2) Ma, Figs. 4.31, 4.32
Early–Late Paleocene (Danian–Thanetian)
Diplodon colhuapiensis is known from two localities from stage set DT in southern
Argentina.
4.2.14 Stage Sets Y and LB, 55.8(0.2)–37.2(0.1) Ma, Figs. 4.33, 4.34
Early to Middle Eocene (Ypresian–Bartonian)
No specimens identified as Diplodon are known from stage sets Y and LB.
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4.2.15 Stage Set PR, 37.2(0.1)–28.4(1) Ma, fig. 4.35
Late Eocene–Early Oligocene (Priabonian–Rupelian)
Only limited locality-specific data and no precise paleoenvironmental maps were
available for stage set PR. At least one species of Diplodon has been identified from
two localities in Argentina.
4.2.16 Stage Set CB, 28.4(0.1)–15.97(0.05) Ma, Figs. 4.36, 4.37
Late Oligocene–Early Miocene (Chattian–Burdigalian)
Specimens identified as Diplodon are known from seven occurrences in the Lake
Pebas region (modern Brazil, Peru, Ecuador, and Colombia) during stage set CB.
4.2.17 Stage Set LM, 15.97(0.05)–5.332(0.005) Ma, Figs. 4.38, 4.39
Middle–Late Miocene (Langhian–Messinian)
Specimens identified as Diplodon are known from 32 occurrences throughout South
America during stage set LM. Under the freshwater scenario, an east-west trending
drainage divide forms between the Andes and the Brazilian Shield at paleolatitude
15◦ S, separating the northern and souther parts of the continent. The north-south
trending divide between the Brazilian and Guiana Shields that was present in the pre-
vious reconstruction (paleolongitude 55◦ W) is gone by this time, allowing additional
freshwater drainage to the northeastern coast. More generalized “continental” area
is available in this scenario. According to the winner take all reconstruction map, the
most consistently present freshwater area has moved from the southwestern corner of
the Brazilian Shield to the Lake Pebas region.
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Figure 4.2: Key to paleoenvironments shown in this chapter. The same coloring is
used for several environments to simplify the visualization.
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Figure 4.3: Stage Anisian (An), 240.00 Ma, winner take all. Country outline from
Scotese (2010a). Stage set midpoint is 241.00 Ma.
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Figure 4.4: Stage Ladinian (L), 230.00 Ma, winner take all. Country outline from
Scotese (2010a). Stage set midpoint is 232.50 Ma.
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Figure 4.5: Stage Ladinian (L), 230.00 Ma, freshwater wins. Country outline from
Scotese (2010a). Stage set midpoint is 232.50 Ma.
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Figure 4.6: Stage Carnian (Ca), 220.00 Ma, winner take all. Country outline from
Scotese (2010a). Stage set midpoint is 222.50 Ma.
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Figure 4.7: Stage Carnian (Ca), 220.00 Ma, freshwater wins. Country outline from
Scotese (2010a). Stage set midpoint is 222.50 Ma.
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Figure 4.8: Stage Norian (N), 210.00 Ma, winner take all. Country outline from
Scotese (2010a). Stage set midpoint is 210.05 Ma.
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Figure 4.9: Stage Norian (N), 210.00 Ma, freshwater wins. Country outline from
Scotese (2010a). Stage set midpoint is 210.05 Ma.
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Figure 4.10: Stage set Rhaetian–Hettangian (RH), 200.00 Ma, winner take all. Mod-
ern coastlines from Seton et al. (2012). Stage set midpoint is 200.05 Ma.
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Figure 4.11: Stage set Sinemurian–Pliensbachian (SP), 189.75 Ma, winner take all.
Modern coastlines from Seton et al. (2012).
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Figure 4.12: Stage Toarcian (T), 179.30 Ma, winner take all. Modern coastlines from
Seton et al. (2012).
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Figure 4.13: Stage set Aalenian–Bathonian (AB), 170.15 Ma, winner take all. Modern
coastlines from Seton et al. (2012).
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Figure 4.14: Stage set Callovian–Oxfordian (COx), 160.20 Ma, winner take all. Mod-
ern coastlines from Seton et al. (2012).
80
Figure 4.15: Stage set Kimmeridgian–Tithonian (KT), 150.60 Ma, winner take all.
Modern coastlines from Seton et al. (2012).
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Figure 4.16: Stage set Kimmeridgian–Tithonian (KT), 150.60 Ma, winner take all.
Modern coastlines from Seton et al. (2012).
82
Figure 4.17: Stage set Berriasian–Valanginian (BV), 140.95 Ma, winner take all.
Modern coastlines from Seton et al. (2012).
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Figure 4.18: Stage set Hauterivian–Barremian (H), 130.70 Ma, winner take all. Mod-
ern coastlines from Seton et al. (2012).
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Figure 4.19: Stage set Hauterivian–Barremian (H), 130.70 Ma, freshwater wins. Mod-
ern coastlines from Seton et al. (2012)
85
Figure 4.20: Stage Aptian (Ap), 118.50 Ma, winner take all. Modern coastlines from
Seton et al. (2012).
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Figure 4.21: Stage Albian (A), 105.80 Ma, winner take all. Modern coastlines from
Seton et al. (2012).
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Figure 4.22: Stage Albian (A), 105.80 Ma, freshwater wins. Modern coastlines from
Seton et al. (2012).
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Figure 4.23: Stage Cenomanian (Ce), 096.55 Ma, winner take all. Modern coastlines
from Seton et al. (2012).
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Figure 4.24: Stage Cenomanian (Ce), 096.55 Ma, freshwater wins. Modern coastlines
from Seton et al. (2012).
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Figure 4.25: Stage set Turonian-Santonian (TS), 088.5 Ma, winner take all. Modern
coastlines from Seton et al. (2012).
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Figure 4.26: Stage set Turonian-Santonian (TS) , 088.5 Ma, freshwater wins. Modern
coastlines from Seton et al. (2012).
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Figure 4.27: Stage Campanian (C), 077.05 Ma, winner take all. Modern coastlines
from Seton et al. (2012).
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Figure 4.28: Stage Campanian (C), 077.05 Ma, freshwater wins. Modern coastlines
from Seton et al. (2012).
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Figure 4.29: Stage Maastrichtian (M), 068.05 Ma, winner take all. Modern coastlines
from Seton et al. (2012).
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Figure 4.30: Stage Maastrichtian (M), 068.05 Ma, freshwater wins. Modern coastlines
from Seton et al. (2012).
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Figure 4.31: Stage set Danian–Thanetian (DT), 060.65 Ma, winner take all. Modern
coastlines from Seton et al. (2012).
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Figure 4.32: Stage set Danian–Thanetian (DT), 060.65 Ma, freshwater wins. Modern
coastlines from Seton et al. (2012).
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Figure 4.33: Stage Ypresian (Y), 052.20 Ma, winner take all. Modern coastlines from
Seton et al. (2012).
99
Figure 4.34: Stage set Lutetian-=Bartonian (LB), 042.90 Ma, winner take all. Modern
coastlines from Seton et al. (2012).
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Figure 4.35: Stage set Priabonian–Rupelian (PR), 032.80 Ma, winner take all. Mod-
ern coastlines from Seton et al. (2012).
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Figure 4.36: Stage set CB, 22.19 Ma, winner take all. Arcuate pattern of empty cells
is an as yet unexplained artifact of the rasterization process. Modern coastlines from
Seton et al. (2012).
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Figure 4.37: Stage set CB, 22.19 Ma, freshwater wins. Arcuate pattern of empty cells
is an as yet unexplained artifact of the rasterization process. Modern coastlines from
Seton et al. (2012).
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Figure 4.38: Stage set Langhian–Messinian (LM), 10.65 Ma, winner take all. Modern
coastlines from Seton et al. (2012).
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Figure 4.39: Stage set Langhian–Messinian (LM), 10.65 Ma, freshwater wins. Modern
coastlines from Seton et al. (2012).
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CHAPTER 5
DISCUSSION
5.1 Introduction
This project suggests future morphological analysis of Diplodon should focus on
Diplodon taxa adjacent to the biochron boundaries listed in Table 4.2. Continued
study of genus-group morphological characters of fossil specimens and molecular
analyses of living specimens is necessary to create a Diplodon diagnosis that takes
morphologic variation (including convergence) and the geologic age and geographic
relationships among specimens into account.
Although tempting, based on the pattern of Diplodon occurrences, to consider
Diplodon as a Lazarus or Elvis taxon (Jablonski, 1986; Dawson et al., 2006; Erwin
and Droser, 1993), such terms 1) have changed to connote different meanings (Fara,
2001) and 2) may not add anything to the discussion unless considered in more than
just a biological context. Recognition of gaps in the fossil record (e.g., Skelton and
Gili, 2012) is subject to human interpretation, and application of the Lazarus Effect is
an interpretation based on specimen identification, choices about chronostratigraphic
intervals, and availability of fossil material (Rickards and Wright, 2002).
5.2 Diplodon Through Time
Under the null hypothesis that all Diplodon specimens belong to the same lin-
eage, one is tempted to assume that at least one Diplodon biochron would be longer
than the longest gap in its fossil record. This line of reasoning, however, cannot
be unequivocally followed because of the biases in fossil preservation. Gap duration
is important because biostratigraphy usually takes only presence, not absence, into
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account. Preservation bias would then be the result of either large-scale geologic
factors (uplift, erosion, restricted habitat space) or of the biology or ecology of the
taxon itself (changing habitat preference, new predators, reduced population, lack of
dispersion). Three options exist for the relationship between Diplodon and a specific
location during a known time interval:
• A Diplodon population occurred at this location
• Diplodon could not have survived at this location (e.g., marine)
• Diplodon could have survived at this location but a viable population never
reached it
Misidentification would result from human activity because of a confusing taxonomic
and nomenclatural history coupled with the possibility of evolutionary and phenotypic
convergence. Sampling bias would result from the vagaries of combined taphonomic
and depositional and erosional processes.
Additional support for the pattern of Diplodon biochrons and gaps given in Table
4.2 comes from additional specimens that could not be limited to a single stage set
(listed in Table 1.5). These occurrences include one (D464) from Antarctica that
spans the end of Gap 2 and Biochron 3; several from Argentina that span the end of
Gap 4 to the middle of Biochron 5; several (Argentina) that fall within the middle of
Biochron 5; one from the “Tertiary” of Brazil (which could just as easily be Biochrons
5 or 6 as Gap 5); one (Chile) spanning the end of Biochron 5 and the beginning of
Gap 5; and several occurrences that fall within Biochron 6 and into stage set LM
(Argentina, Chile, Colombia, and Peru).
5.3 Diplodon Through Space
The earliest specimen identified as Diplodon is from the Middle Triassic (Anisian)
of New Zealand; the next occurrences are two stage sets later in the Late Triassic
(Carnian) of eastern and southwestern North America ( 20,000 km over 9 m.y.). (No
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fossil or modern Hyriidae have been confirmed in Africa, but one possible hyriid is
known from Madagascar (Graf and Cummings, 2009)) Without being able to readily
calculate an exact distance traveled between these occurrences, the dispersion of this
genus, even starting from a point midway between these records during an earlier pe-
riod, would involve crossing multiple continents and potentially several dozen major
drainage divides, all while retaining a viable population of interbreeding individuals.
If the New Zealand hyriid record were limited to this single occurrence, the identifi-
cation could easily be overturned, but the presence of extant hyriids across Australia,
New Zealand, and New Guinea highlights the fact that we still have not yet unknotted
the evolutionary thread that ties these taxa to those now found in South America.
Adding to the support for an Antarctic range expansion between Australasia and
South America is the Middle Jurassic Antarctic occurrence of Diplodon esperanza-
ensis, by this time, however, the North American population had supposedly been
established, meaning that the Antarctica occurrence is a relict of past range expansion
rather than its initial immigration.
During the period of Gap 2, South America (from which no earlier record of
Diplodon has been reported) was colonized with a large enough population that
Diplodon was well represented in Biochron 3 in southern South America. The case
may be that the range expanded first from the south (what is now Argentina) on the
east side of the continent and then westward by the end of Biochron 6.
5.4 Diplodon Species Nomenclature
Another way of interpreting these temporal gaps as real is to look at the Diplodon
species nomenclature applied during each biochron (Table 5.1). Biochron 1 has speci-
mens only identified to the genus level. When specimens were identified to the species
level, Biochrons 2–6 each include only specimens identified as species that are present
in that biochron and no other. Specimens identified as D. pehuenchensis and D.
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oponcitonis (including c.f. and aff. identifications) are known from both Biochrons
5 and 6. Grouping of species names by paleontologists according to temporal range
is expected due to taxonomic inertia. When identifying new specimens, workers are
more likely to do so according to their understanding of known taxa for the geo-
graphic locality and age. The current results should be taken with that consideration
in mind. Under the assumption that the genus Diplodon has survived intact since
the Middle Triassic, the group of species in each biochron (Table 5.1) could represent
repeated evolutionary pulses interspersed with periods of limited distribution (gaps
in the fossil record). More work should be done to determine whether pulses of this
type are possible and why (if at all) the genus itself never went extinct directly or
evolved into a morphology dissimilar to what is considered Diplodon. Additionally,
diagnostic characters may have existed only in soft-part morphology. In order to
completely understand how the fossil material relates to living specimens, hard-part
diagnostic characters that are shared by both must be identified. Taxon classifica-
tions can also be compared with the results of genetic analyses to help indicate the
proper phylogenetic branching points (Lee et al., 2013).
5.5 Future Exploration
Chapter 4 results will have to be tested and refined by future literature, museum,
and field work. Additional literature review can take into account taxa that coexisted
with the specimens attributed to Diplodon in order to determine whether or not it
is probable that the gaps in the Diplodon record are the result of taphonomic bias
rather than actual distribution. Museum work can assess the identifications given to
similar freshwater mussels from strata that were deposited during the temporal gaps,
and previously collected but as-yet unidentified specimens may be useful in expanding
the temporal range of certain species-group taxa. Field projects designed to survey
strata deposited during the gaps in the record can help remove sampling bias. Each
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Table 5.1: Diplodon species according to biochron. Only taxa that fall completely
within an identified biochron are included. (*) indicates taxa that have been identified
from multiple biochrons.
Biochron Stage Set(s) Taxa to Species
Biochron 6 PR, CB, LM
D. amygdalaeformis
D. biblianus
D. bristowi
D. calchaquensis
D. glaucus
D. guaranianus biblianus
D. indianensis
D. liddlei
D. longulus
D. oponcitonis*
D. pehuenchensis*
D. rothi
D. saltensis
Biochron 5 TS, C, M, DT
D. arrudai
D. bodenbenderi
D. chilensis patagonicus
D. colhuapiensis
D. oponcitonis*
D. pehuenchensis*
D. transandinus
Biochron 4 Ap D. baqueroensis
Biochron 3 COx, KT
D. batoviensis
D. dasilvai
D. matildensis
D. simplex
Biochron 2 Ca
D. borealis
D. carolussimpsoni
D. gregoryi
D. haroldi
D. lewisi
D. wanneri
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of these methods can strengthen the new hypothesis that Diplodon does not exist as
a continuous lineage, but the positive identification of specimens as belonging to this
genus from unexpected stratigraphic sections will weaken it considerably (and hence
strengthen the null hypothesis).
Chronostratigraphically, freshwater formations deposited during the stages where
Diplodon has not been identified should be the target of future field work. The stage
sets listed in Table 4.2 should be relatively simple to cross-reference with known
stratigraphic units (e.g., using Paleobiology Database), which can be mapped indi-
vidually. Geographically, there is a broad swath of the southern hemisphere that has
the potential for preserving Diplodon or similar specimens. Locating more specimens
within South America would be useful in narrowing down the possible timing of var-
ious geographic and temporal biochron range expansions. Stratigraphic correlation
between North and South America of Middle to Late Triassic strata is necessary
to determine the possible dispersion of populations between the two continents, if
this dispersion occurred at all: Bogan and Weaver (2012) suggest that other Triassic
freshwater mussels from eastern North America were unrelated to later, similar forms.
It is possible, if a single lineage is unsupported, that North American and South
American populations are unrelated. Regardless of the nomenclatural state of Diplodon,
extant Hyriidae can be found in both South America and Australasia, but no fossils
or extant species are unequivocally known from Africa (although suspected by Graf
and Cummings (2009)). The location of Antarctica within Pangea, coupled with our
lack of knowledge about this continent due to its current extensive ice cover and the
identification of Diplodon esperanzaensis, is highly suggestive (previously by Herbst
and Camacho, 1970; McMichael and Iredale, 1959) of a now-hidden dispersal route
(or even continent of origin) somewhere on the southernmost continent.
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5.6 Proposed Improvements to Paleoenvironmental Reconstructions
To those readers who are well-versed in dealing with biological databases, some of
these comments may seem unnecessarily simplistic. It is my opinion, however, that
the use of databased information should not be as confusing as it is for people who
are paleontologists first and computer scientists second (or not at all). A proposed
methodological solution to the concern over data accessibility and quality is presented
in multiple parts. First, supporting paleoenvironment reconstruction data should be
separated from paleoenvironmental reconstructions. Second, the data that support
each “line on the map” should be cited and available. Third, the data should be
stored in a standardized format that can be independently manipulated. Fourth,
the data should allow querying of a particular geographic area and temporal range.
Fifth, the data should be easy to utilize at multiple scales. The end goal is that
someone with only some college-level geology background should be able to utilize
paleoenvironmental resources to produce reconstructions, so that the data become
useful for a variety of other geological and paleontological subdisciplines.
Previous work to improve computer-based paleoenvironmental reconstructions in-
cludes that by Wright et al. (2012b) (with comments by Golonka (2012), Peters
(2012), Scotese (2012) and again by Wright et al. (2012a)), Williams et al. (2012),
Barmuta and Golonka (2012), and references therein. The inertia against building
queryable database-based models and in favor of producing series of static maps will
not be easy to overcome. For one, geology and paleontology remain field sciences,
necessitating mapping tools that can be used in the field without additional bother.
Judging by the number of “smart” devices currently in use (including phones, tablets,
GPS receivers, and laptop computers, all of which can be networked), however, this
is a poor argument. Paper maps are ideal for use in extreme field situations and for
visualizing large field areas at a glance, but the use of paper in the field does not
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preclude the use of computers to produce time slice maps as models—that can then
be plotted as large as desired, brought into the field, marked up as necessary, and
used to improve the underlying database.
5.6.1 Separate Data from Presentation
I propose here a data structure, subject to change, wherein data are stored and
visualized in a three-dimensional raster/grid cellular format. The three dimensions
can be visualized as latitude (or equivalent), longitude (or equivalent), and age. For
example, a geographic area 10 degrees square could be split up into 100 1 x 1 degree
cells, each associated with paleoenvironment field data to within one million years;
if these data needed to be utilized at a lower resolution (larger area), the paleoenvi-
ronment variables could be “averaged” (multiple methods are possible) to provide a
single, encompassing, cell that measures 10 x 10 degrees with a temporal resolution
(still) of one million years.
Separating the supporting data from the presentation would allow these data
to be used for analysis, not just background maps. It would allow researchers to
move on with research instead of focusing on what the reconstruction actually looks
like. Multiple models could be produced, and once a consensus was reached at an
appropriate scale, an artistic reconstruction could be produced.
The process of making each map is less important than the underlying data. When
a researcher sits down to make a map, the map is a complete product, not a sum of
parts, and is subject to that researcher’s ideal mental image. This image may not
be wrong, but if the map mixes fact and conjecture, they are difficult to separate by
another reader. When a computer makes a map, it may be ugly, but it shows the
data, hopefully without bias. If we separate data and presentation, the data become
more important and the presentation becomes a way to visualize the data, not an
end unto itself. Similar to cascading style sheets (CSS) for the Web and LaTeX for
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printed documents, the information exists on a separate level and can be themed
according to guidelines or artistic license.
Much of the data used in this project was sourced from published paleoenvi-
ronmental and paleogeographic maps, many of which contained no spatially specific
source information. Ideally the use these maps could have been avoided in favor of
the source data behind them. Regardless of the availability of data used for previous
reconstructions, the science of geology has advanced so far as to allow us far more
accuracy in the reporting of map metadata than ever before.
5.6.2 Separate Environmental Data from Geographic Data
Since the scope of the current project is to determine whether a suitable habi-
tat for Diplodon was available and accessible throughout the temporal range of the
genus (as currently determined), more focus has been placed on paleoenvironmental
reconstruction than paleogeographic reconstruction. Although there is still a great
deal of work to be done to determine the exact position of certain tectonic plates
over time, available plate motion models continue to converge (Torsvik et al., 2008).
The example of Diplodon is less dependent on the plate motion model used because
there are only a limited number of dispersion events that would have to have crossed
plate boundaries in order for the known specimens to be realistically considered part
of the same lineage. In addition to paleoenvironment data that can be gleaned from
rock types and fossils, future work will include structural data in order to aid in
paleotopographic interpretation.
Develop Standardized Environmental Hierarchies (Chapter 3.4.4)
The loose hierarchy of environments used in this project is fairly arbitrary. Some
top-level environments have no children, others have several sublevels. In order for
useful maps to be produced, the environmental categories should make sense according
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to the spatial and temporal scale being used. A hierarchical system may not be the
best solution to this problem.
As proposed here, a much more powerful ecological niche modeling system is
possible if the proper environmental variables can be measured consistently at a
desired scale, dependent on the total size of the study area. Predicting the presence
or absence of a species according to sub-channel criteria (grain size, flow, local ecology,
etc.) may not be possible, but statistically predicting the presence or absence of that
species at the drainage scale or larger should be attainable (e.g., Elith and Leathwick,
2009; Stigall, 2012; Waltari and Hickerson, 2012; Peterson, 2007; Townsend Peterson
and Vieglais, 2001; Richmond et al., 2010; Anderson, 2012). This method would not
remove the necessity of improving the environmental hierarchy; the former would
be used for producing maps of potential habitat, while the latter would be used for
qualitative biogeographic purposes.
5.6.3 Make Data Available
In the database model presented above, each cell could have as many different
lines of evidence suggesting a particular environment as were available in the litera-
ture, and these data would include the reasoning behind the given paleoenvironment
interpretation. Each of these interpretations would exist as a separate record, al-
lowing each cell to be pointed to by multiple records. Additional variables could
include such variables as elevation, latitude, tree cover, annual precipitation, mean
annual temperature, and other environmental factors. Many studies utilize remote
sensing (satellite) data because it is relatively easy to obtain, covers large areas, and
has previously been found to be predictively useful (e.g. Elith and Leathwick, 2009;
Anderson, 2012; Monjeau et al., 2011; Pereira and Groppo, 2012; Bodbyl-Roels et al.,
2011; Papes¸ et al., 2012; Pierrat et al., 2012). In this cellular model, each cell be-
comes a hypothesis, rather than each line on a map. These hypotheses can be tested,
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their interpretations assessed by other researchers, and support or refutation noted.
Multiple interpretations could be modeled statistically to produce “the answer” for
that cell (see below). Database fields for each cell could be quantitative data from
field work or qualitative data from interpretive work, each with source metadata.
Ideally, data would be stored in a free, centralized repository that was fully ac-
cessible to all researchers. The Paleobiology Database and the Global Biodiversity
Information Facility (GBIF, Global Biodiversity Information Facility (2012)) are good
starts for this, but specimen data which, as we have seen, can be wrong, need to be
massaged into the right format before they can be used.
Embrace Open-Access Datasets (Chapter 5.6.3)
Further to the previous point, a great deal of paleoenvironment data has been
developed either by industry or researchers who restrict access to collaborators. This
is understandable: time, money, and effort have gone into these datasets, and guard-
ing them from use by competitors is natural. In order to move forward, however,
open collaboration with the prerequisite of easy citation (including citation of version
snapshots) will allow many greater advances than multiple independent sources.
It is possible to conceive a near future in which the biggest hurdle in paleontology
is not data collection, but accessibility and compatibility. Based on the increasing
number of database-driven web applications for all aspects of human life, the bar to
analysis is not software development but the dataset behind the scenes. This project
utilized data from a small set of scholarly publications and, in a more accessible form,
the Paleobiology Database, but this only scratches the surface. It is a given that the
number of paleontological analysts will continue to grow and to ask unique questions,
but it is not inconceivable that for this to happen, the prestige will go to those who
can collaborate to produce large-scale datasets (Anderson, 2012).
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Missing and Time-Transgressive Data
Missing data can be handled in the same way as other data. When a hypothesis,
based on surrounding cells or an outside source, is made of the environment for a
given cell, it exists in the database in parallel with data that are based on physically
measurable information. These hypotheses can be compared and averages or other-
wise manipulated in order to test them in the context of other data. An example of
this possibility can be seen in the current study’s reconstruction of the stage set LM,
which is mostly based on interpretive maps that do not have available source data. An
additional quality measure would be a weighted rating system designed to promote
ground-truthed interpretations over those that were based on artistic reconstructions
(and, in the end, the artistic reconstructions would be replaced in the database with
actual data).
5.6.4 Store Data in a Standardized, Queryable Format
In this cellular model, data would exist in a database capable of serving data in a
variety of formats. There are no doubt multiple ways of structuring such a database,
and multiple engines (including such up-and-coming NoSQL products as MongoDB
and CouchDB) available to allow access.
Databases exist to be queryable. In the data structure suggested here, the sim-
plest use case is that a researcher would be looking for data covering geographic area
X at time Y . Options could exist (outside the database, according to known algo-
rithms) to average or otherwise deal with conflicting data in each cell being exported.
The simplest output is a raster of paleoenvironments that could be imported into a
Geographic Information System (GIS); a more complex output would include spe-
cific paleoenvironmental variables from fossil localities or rock outcrops that could be
mapped.
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5.6.5 Make Scaling Simple
Geologic data exist at a broad variety of scale, from outcrops a few meters across
to undersea mountain ranges several thousand kilometers in length. Meshing these
different scales together is a necessity for this proposed model of paleolandscape
reconstruction. A flexible cell size allows researchers to interpret paleolandscape at
the most appropriate scale, but other researchers may have different needs. These
scaling needs can be met first by nesting finer-resolution cells within larger cells, then
by averaging the contents of these cells according to the data available.
Cell size would be determined by the data being entered, with larger cells made
possible by averaging the values within smaller cells and missing data made possible
to some degree by kriging or similar methods. For example, a 10x10 degree cell at
the present day centered over Brazil might have one predominant environment: let’s
call it “rainforest”. Similarly, a cell of this size centered over the Sahara Desert would
result in, say, “desert”. Each of these cells as I have expressed them is based on an
interpretation, one that I made by glancing at a map and assigning what I saw to be
the general environment. If these cells were divided into quarters, I would have to look
closer to see the differences between the cells, and if these cells were divided again, I
would have to look closer still. Smaller cells could be used to build up larger cells,
with an appropriate algorithm in place to correctly weight the evidence as attached
to each cell. In this manner, even areas that are missing data could be filled in with
a “best guess” based on the surrounding areas.
In the end, the goal would be the correct functioning of such algorithms in order
to get data to researchers at the most useful resolution possible. For this project,
geologic stages were grouped to form chronostratigraphic units of rocks deposited over
approximately ten-million-year intervals. Over local to regional spatial scales based
on point locality data, stage-level resolution or better should be achievable, with
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the goal of stitching these regional stage-level paleoenvironmental studies together to
provide data for global reconstructions.
With a greater availability of point locality data comes an improvement of the
spatial resolution that can be used for paleoenvironment reconstruction. Over a given
area, the resolution for a certain temporal range can increase as much as possible as
long as each grid cell contains at least one paleoenvironment data point.
5.6.6 Develop Visualization Software
Standard GIS packages such as ESRI’s commercial ArcGIS and the free, open-
source Quantum GIS (QGIS) and GPlates are continually growing in utility for pa-
leoenvironmental/paleogeographic reconstruction projects, but an open and unified
dataset (or multiple datasets with application programming interfaces [APIs] that
could be accessed remotely) will allow one or several specialized software packages or
Web applications to be developed. At present, reconstructing paleoenvironment maps
(even from an existing database) involves several steps, multiple software packages,
is subject to manual errors, and requires a significant amount of understanding. A
single database-driven workflow that could be accessed “on the fly” would improve
the ease with which multiple plate reconstructions, temporal and spatial scales, and
paleoenvironmental datasets could be combined to create new maps and new ways of
thinking about all aspects of historical geology.
5.6.7 Application to Biogeography
Assuming that paleolandscape data exist for a given area and a given temporal
range, the proposed cellular paleolandscape database could be queried to provide
raster datasets of paleolandscapes during different stage sets. To use paleoenviron-
mental data to create a predictive model of taxon range, an additional layer of pre-
dictive ecological niche modeling is needed to establish which cells the taxon under
study was most likely to inhabit. The outputs of the ecological niche modeling for
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adjacent time slices (moving from the specific to the general, we can set stage sets
aside) can then be compared to determine the most likely path of range expansion
through time, and whether this path has a high or low likelihood of allowing the
lineage to survive.
Ecological Niche Modeling
Ecological Niche Modeling (also, Species Distribution Modeling) is an analytical
method by which taxon distribution can be predicted by environmental variables
(Elith and Leathwick, 2009; Stigall, 2012; Waltari and Hickerson, 2012; Peterson,
2007; Townsend Peterson and Vieglais, 2001; Richmond et al., 2010; Anderson, 2012).
With respect to climate trends and invasive species, the importance of modeling taxon
distribution with the aim of prediction cannot be overstressed (Anderson, 2012).
Two common algorithms used to determine the probability of taxon occurrence in a
particular area are Maximum Entropy (MaxENT) and Genetic Algorithm for Ruleset
Production (GARP) (Stockwell and Peters, 1999; Phillips et al., 2004).
Support for Parameters Maximum predictive accuracy with GARP can be obtained
using four to eight environmental variables and 10-30 taxon occurrences Townsend Pe-
terson and Vieglais (2001).
Geographic Cell Size Note that real-world geographic units are important and lat-
itude/longitude degrees need to be adjusted for according to latitude because pre-
dictive models take the weighted area into account, and the area of cells based on
latitude and longitude changes according to distance from the equator.
Environmental Variables Predictive ecological niche modeling would fail without a
variety of background data. Remote-sensing data are restricted to the current time
slice or at least a human temporal scale, so they can be used most efficiently at a
time scale of only a few decades.
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CHAPTER 6
CONCLUSIONS
6.1 Introduction
The evolutionary lineage represented by the name Diplodon is not well supported.
Doubt can be cast on Diplodon identifications based on incomplete or biased specimen
preservation, problems of evolutionary and phenotypic convergence, and spatiotem-
poral gaps in the fossil record.
6.1.1 Identification Issues
Identifications of Diplodon over its 250-million-year record have been based almost
solely on morphological comparability to other modern and fossil specimens of the
genus. A working hypothesis would be that some specimens did not preserve character
traits diagnostic to Diplodon and were thus not properly identified. ”Compare and
pigeonhole” identifications are the result of either taxonomic inertia or “lumping” of
specimens with slightly varying character traits that seam reasonably assignable to
Diplodon.
6.1.2 Convergence (Appendix A)
Specimen identification is based on the morphology available to the researcher.
Fossil and modern freshwater mussels are known to be subject to both evolutionary
convergence (different taxa, potentially of different ages, independently converging
on the same morphology) and phenotypic convergence (different individuals converg-
ing on the same morphology due to similar environments). Diplodon should be no
different.
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6.1.3 Temporal Gaps (Chapter 4.2)
Workers have not incorporated continuity of the Diplodon lineage into specimen
identification; that is, identifications have not been made in the context of the overall
fossil record. Diplodon identifications have been applied to specimens separated in
time by at least several million years (5–57.8 m.y., mean 23.7 m.y., standard deviation
16.3 m.y.). Between 245 Ma (beginning of the Anisian stage) and 5 Ma (end of the
Messinian stage), five distinct temporal gaps of at least a single stage were identified
in the Diplodon fossil record. These gaps (see also Tables 4.1 and 4.2) occurred during
the
1. Middle Triassic (Ladinian), duration 5–13 m.y.
2. Late Triassic–Middle Jurassic (Norian–Bathonian), duration 45.8–57.8 m.y.
3. Early Cretaceous (Berriasian–Barremian), duration 15.5–25.5 m.y.
4. late Early Cretaceous–Late Cretaceous (Albian–Cenomanian), duration 16.7–
20.3 m.y.
5. Early–Middle Eocene (Ypresian–Bartonian), duration 18.3–18.9 m.y.
6.1.4 Spatial Gaps (Chapter 5.3)
The largest spatial gap between Diplodon occurrences is early in the record be-
tween New Zealand (Figure 4.3) and North America (Figure 4.6). Geographically,
Antarctica is an intriguing location for future collection in order to connect disparate
modern hyriid populations, regardless of whether the Antarctic Diplodon specimens
are correctly identified. The relationship between Diplodon occurrences in North and
South America remains unclear. Older specimens are known in North America than
South America, but this is at odds with a hypothesis that Diplodon originated in
Australasia and expanded through Antarctica (bypassing Africa) to the present-day
western hemisphere.
122
Paleolandscape reconstruction maps were more useful for gross paleogeographic
comparison than for defining long-term environmental barriers to Diplodon disper-
sal. The underlying dataset for these maps does provide a basis upon which revised
maps could be constructed. Taxon dispersal over tens of thousands of kilometers
over millions of years lends itself to representation at the scale used, but localized
higher-resolution paleolandscape reconstruction maps could be used to model the
relationships among groups of occurrences between Diplodon biochrons.
6.2 Hypothesis Testing
The null hypothesis for this project is that all Diplodon specimens are correctly
identified as Diplodon and therefore belong to the same evolutionary lineage (Chap-
ter 1.1). Recall that this project dealt with only occurrence dates and locations and
applied identifications, so by definition all identifications were taken at face value. The
alternative hypothesis, then, is that not all Diplodon are assignable to that genus, in
which case the name Diplodon represents multiple taxa. By definition, only positive
evidence (e.g., new occurrences versus lack of occurrences) can be used to formally
reject a null hypothesis. Informally, however, these gaps in the record are supported
by
1. The pattern of additional specimens that lack as much temporal resolution
(Chapter 5.2)
2. Geographic distances and paleolandscape features between some known fossil
occurrences (Chapter 5.2)
3. The species names applied to some specimens (Chapter 5.4)
The suggestion is made here that specimen morphology be more closely examined
with spatiotemporal gaps in mind. New hypotheses can be constructed and tested
from the results of this project in order to critically examine the Diplodon lineage as
a whole. If specimens now identified as Diplodon can be broken into multiple groups,
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the evolutionary relationships among these groups can be examined. Of course, the
“Diplodon lineage” will at that point no longer exist, and the lineage as referred to
here will represent multiple lineages.
6.3 Future Work
Additional taxonomic work is needed to broaden the search for specimens repre-
senting Diplodon during identified temporal and geographic gaps. Additional pale-
oenvironment reconstruction maps would also aid in improving our understanding of
avenues of range expansion for the Diplodon lineage.
The dataset used to produce raster paleoenvironmental maps can be improved.
Beyond the geographic area represented by Diplodon specimens, a global dataset
would enable similar analysis of other taxon names. As discussed in Chapter 5.6, there
are several steps to developing both a clear method of organizing paleoenvironmental
data (without duplicating work that has already been done) and a straightforward set
of analyses that can be run. Paleoenvironmental maps can be improved by making
them easy to create and containing real, queryable data, which is the goal of the
suggestions made herein. A master database is not needed, rather a set of standards
for data storage and interoperability: if reconstruction maps can be made meaningful
to those who are not the original author, hypothesis testing and revisions can proceed
at a quicker pace.
Streamlining the methods described in Chapter 2.2 is the first step to providing
paleoenvironmental reconstructions to answer questions of dispersal, dispersion, and
range expansion, and be tested by additional paleoenvironmental, paleogeographic,
occurrence, and molecular data. Additional methods described in Chapter 5.6 can
be used to run ecological niche modeling scenarios on a grand scale for organisms
throughout Earth’s history. Integrating these methods to go beyond GIS and ecolog-
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ical niche modeling applications to a unified paleoenvironmental modeling package is
the next step.
Continued field work will be needed to test the existence of spatial and temporal
gaps in the Diplodon lineage, but the approach taken here to long-lived names raises
questions about the validity of other names over similar lengthy time intervals. A more
formal, more inclusive approach to specimen identification, incorporating not only
morphological and molecular but spatial and temporal relationships, could produce
a more nuanced understanding of useful nomenclatural practices.
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APPENDICES
APPENDIX A
APPENDIX: GLOSSARY
A.1 Glossary
Convergence Used as a short form of convergent evolution (parallel evolution) or
homeomorphy, referring to the evolution of similar non-homologous mor-
phologies in two or more taxa. It is a function of the taxon, not the individual,
and is independent of the environment in which individuals are found. This
is contrasted importantly with the concepts of phenotypic plasticity and re-
sulting ecomorphotypes. Individuals of taxa with plastic phenotypes (such
as freshwater mussels) show morphological change to better fit their envi-
ronment through growth. Plasticity of form can cause both convergent and
divergent morphologies among individuals (Sommer, 2007; Alvarez-Molina,
2004). Using morphological characters to classify individuals can therefore
be misleading in two ways. First, due to selective pressures on taxa, unre-
lated taxa can converge evolutionarily on a similar form or closely related
taxa can diverge evolutionarily from a similar form. Second, due to exter-
nal physical or behavioral forces on the individuals, individuals in unrelated
taxa can converge phenotypically on a similar form or individuals in closely
related taxa can diverge phenotypically from a similar form (Zieritz et al.,
2010). Phenotypic plasticity in itself leads to greater morphological variabil-
ity within a taxon; directional plasticity correlated with environment leads
to an ecomorphotype for that environment, although the directionality of a
causal relationship can be questioned (Zieritz et al., 2010).
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Specific examples of similar morphologies attributed to convergent evolution
include (among many others) similarity in canine teeth and forelimbs among
sabertooth mammals (Meachen-Samuels, 2012), cervical vertebrae in ptero-
dactyl flying reptiles (Andres and Qiang, 2008), gross crinoid morphology
(Foote, 1994), cementation in freshwater mussels (Bogan and Hoeh, 2000), ex-
ternal morphology of extant and extinct freshwater mussels (Hartman et al.,
2006; Watters, 2001, 1994) and snails (Bandel, 2007), finch beak shape (Ryan
et al., 2007), hinge structure in trigonioid marine bivalves (Newell and Boyd,
1975), and select trace fossils (Wisshak et al., 2004). Similar morphologies
attributed to phylogenetic plasticity include similarity in freshwater unionoid
mussels (Hochwald, 2001; Zieritz et al., 2010; Baker et al., 2004), shell thick-
ening in marine gastropods (Brookes and Rochette, 2007), body shape of
Caribbean anole lizards (Arntzen and Sa´-Sousa, 2007), hard part morphol-
ogy of freshwater zebra mussels (in some but not all species) Claxton et al.
(1997) and external morphology of marine bivalves (Costa et al., 2008),
It is important to distinguish convergent evolution and convergent pheno-
types, but at some point they must intersect, which has caused confusion in
the past as to which process has resulted in which effect (Wagner and Erwin,
2006; Munasinghe et al., 2004). The discussion of at what point a particular
morphology becomes inherited (and therefore able to be selected for) is on-
going and, in extant organisms, the subject of combined morphological and
genetic studies (Zieritz et al., 2010; Bauer, 1992; Ryan et al., 2007; Arntzen
and Sa´-Sousa, 2007). This issue is not specifically addressed in the current
work.
Dispersal/Dispersion The terms dispersal and dispersion have been used inter-
changeably, but in some cases have very specific meanings. Lieberman (2000,
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p. 75) suggests the term dispersion in reference to “organismal [individ-
ual] and populational movement, associated possibly with microevolutionary
change” and the term dispersal, by default, to movement or macroevolution
by taxonomic groups. Others agree with this distinction that dispersion is
an act of individuals over a biological time scale, while dispersal is an act
of taxa over a geological time scale (Cecca, 2002; Platnick, 1976; Huggett,
2004; Graf and Cummings, 2006). It is noted that the active verb for both
words—dispersion and dispersal—is “disperse,” making the meaning of this
word sometimes difficult to determine.
Contrary to treating both dispersion and dispersal as processes, Armstrong
(1977) and Crisci et al. (2003) define dispersion as an adjective describ-
ing the spatial distribution of individuals. Green and Figuerola (2005) and
Szymkowiak et al. (2007) use only dispersal when discussing the movement
of individuals. To complicate matters, Acevedo et al. (2012) and Baigu´n
and Ferriz (2003) reference “species dispersion,” and Donoghue (2008) use
“dispersion” to refer to both the pattern and process. In the current work
however, dispersal is generally used as a verb in reference to taxa, with clar-
ification added as needed.
Lazarus taxon Taxa that were thought to have gone extinct but were then rediscov-
ered at a later time (traditionally the rediscovery occurs during recorded his-
tory) (Jablonski, 1986; Dawson et al., 2006). In contrast, Elvis taxa are those
taxa that supposedly reappear after a hiatus but in fact are morphologically
similar due to convergent evolution (Erwin and Droser, 1993). Sometimes
the Lazarus effect is implied, as in Bandel (2007, p. 16): “representatives
are conspicuously absent from all well known Early Cretaceous faunal assem-
blages.”
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Paleoenvironment The depositional (sedimentological) environment combined with
paleolandscape and paleoclimate.
Paleogeography The past spatial relationship among regions and localities of in-
terest.
Paleolandscape The past shape of the land, including elevation, topographic fea-
ture shape, and drainage barriers.
Taxonomy Winston (1999, p. 9) describes taxonomy as a “subdivision of systemat-
ics [the study of biological diversity] consisting of [...] identification (referring
a specimen to a previously classified and named group), classification (order-
ing organisms into groups based on perceived similarities or differences), and
nomenclature (naming groups of organisms according to rules developed for
the process).”
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APPENDIX B
APPENDIX: SUPPORTING CODE
B.1 R Code
Listing B.1: Converting Rasters into Point Vector Shapefiles
1 ### Loop through a d i r e c t o r y and conver t r a s t e r s to p o i n t
v e c t o r s . Wi l l not work on f i l e s wi th more than one ”.” in
the name .
2
3 # load necessary l i b r a r i e s
4 l ibrary ( maptools ) ; l ibrary ( r a s t e r ) ;
5
6 # Set working d i r e c t o r y
7 setwd ( ”/” ) ;
8
9 for ( f i l e in dir ( pattern=”∗ . g t i f f ” ) ) {
10 r <− r a s t e r ( f i l e ) ;
11 p <− as ( r , ” SpatialPointsDataFrame ” ) ;
12
13 # Set name o f column of r a s t e r v a l u e s
14 names(p) [ 1 ]<−” value ” ;
15
16 # Get only the v a l u e s we want ( v a l u e s above zero )
17 psubset<−subset (p , p$value>0) ;
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18
19 # Make a new f i l ename
20 oldname<−substr ( f i l e , start = 1 , stop = nchar ( f i l e ) −6) ;
21 newname<−paste ( oldname , ” pts ” , sep=” ” ) ;
22 # Make a s h a p e f i l e
23 wr i t eSpat ia lShape ( psubset , newname) ;
24
25 # Make a CSV f i l e − only necessary i f t h e s e are modern
c o o r d i n a t e s
26 # Convert to data frame so you can drop e x t r a columns
27 #p s u b s e t d f<−as . data . frame ( p s u b s e t )
28 #w r i t e . t a b l e ( p s u b s e t d f [ , c (2 ,3) ] , f i l e =p a s t e (newname , ” . csv ” ,
sep =””) , sep =” ,” , row . names=FALSE) ;
29 }
Listing B.2: Converting Point Data to Raster, Combined Methods
1 ### Convert ing a p o i n t s h a p e f i l e ( wi th environment in numeric
2 ### f i e l d env id ) i n t o a r a s t e r .
3 ### Winner−Takes−A l l and/or Freshwater−Wins
4 ##### = l i n e s wi th v a l u e s to change .
5
6 ##### Enter the name o f the s h a p e f i l e you are l o a d i n g .
7 l o c s f i l e<−” s h a p e f i l e . shp” ;
8
9 ##### Stage s e t code ( e . g . , LM)
10 s tage group<−”SP”
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11
12 ##### Method (WTA, FWW, or BOTH)
13 method<−”BOTH” ;
14
15 # Read in the s h a p e f i l e
16 l o c s<−readShapePoints ( l o c s f i l e ) ;
17 # Set working d i r e c t o r y
18 setwd (dirname ( l o c s f i l e ) ) ;
19 # Load l i b r a r i e s f o r r a s t e r , maptools and mode
20 l ibrary ( r a s t e r ) ;
21 l ibrary ( maptools ) ;
22 l ibrary ( modeest ) ;
23
24 # Make the base r a s t e r .
25 baseg r id<−r a s t e r ( nco l s =360 , nrows=180) ;
26
27 # Create Winner−Takes−A l l r a s t e r
28 i f ( method==”WTA” | method==”BOTH” ) {
29 # Subset based on s t a g e s e t .
30 l o c s subset<−subset ( l o c s , l o c s$ s tage grou==stage group ) ;
31
32 # Convert the l o c a l i t y s h a p e f i l e to r a s t e r . Use the most
f r e q u e n t
33 # v a l u e o f numeric f i e l d ’ env id ’ .
34 r<−r a s t e r i z e ( l o c s subset , basegr id , f i e l d=’ env id ’ , fun=
function (x , . . . ) {mfv( x ) [ 1 ] } ) ;
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35
36 # Write the r a s t e r to f i l e
37 wr i t eRaste r ( r , paste ( s tage group , ” WTA. g t i f f ’ ” , sep=”” ) , ”
GTiff ” ) ;
38 }
39
40 # Create Freshwater−Wins r a s t e r
41 i f ( method==”FWW” | method==”BOTH” ) {
42 # Create a second s u b s e t o f the age p l u s the f r e s h w a t e r
environment .
43 l o c s subset2<−subset ( l o c s , l o c s$ s tage grou==stage group &
l o c s$env id >= 3000 & l o c s$env id <= 3999) ;
44
45 # Convert the l o c a l i t y s h a p e f i l e to r a s t e r .
46 # Use the most f r e q u e n t v a l u e o f numeric f i e l d ’ env id ’ .
47 r a s t e r mfv<−r a s t e r i z e ( l o c s subset , basegr id , f i e l d=’ env
id ’ , fun=function (x , . . . ) {mfv( x ) [ 1 ] } ) ;
48
49 # Update the r a s t e r you j u s t c r e a t e d by making sure a l l
c e l l s t h a t p o s s e s s f r e s h w a t e r p o i n t s are marked as
f r e s h w a t e r environments .
50 r a s t e r f r e shw in s<−r a s t e r i z e ( l o c s subset2 , r a s t e r mfv ,
update=TRUE, f i e l d=’ env id ’ , fun=function (x , . . . ) {mfv(
x ) [ 1 ] } ) ;
51
52 # Write the r a s t e r to f i l e
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53 wr i t eRaste r ( r a s t e r f r e shwins , paste ( s tage group , ” FWW.
g t i f f ” , sep=”” ) , ” GTiff ” ) ;
54 }
55
56 # Set up p l o t
57 i f ( method==”BOTH” ) {
58 dev .new( width =10, he ight =5)
59 par ( mfrow=c ( 1 , 2 ) ) ;
60 }
61
62 # View the p l o t ( cen tered on SA)
63 i f ( method==”WTA” | method==”BOTH” ) {
64 plot ( r ) ;
65 }
66 i f ( method==”FWW” | method==”BOTH” ) {
67 plot ( r a s t e r f r e shw in s ) ;
68 }
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APPENDIX C
APPENDIX: MAPS
C.1 Global Maps of Reconstructed Data
Cropped versions of these maps appear in Chapter 4. Below you can find global
versions based on the dataset used for this project. These vector graphics are better
viewed as part of the document PDF than as a print copy. Contact the author for
complete underlying datasets.
Maps in this appendix are listed according to age (oldest first). Figure legends
include the stage set, the age of the reconstruction, and the rasterization method.
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Figure C.1: Stage set An, 240.00 Ma, Winner take all
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Figure C.2: Stage set L, 230.00 Ma, Winner take all
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Figure C.3: Stage set L, 230.00 Ma, Freshwater Wins
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Figure C.4: Stage set Ca, 220.00 Ma, Winner take all
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Figure C.5: Stage set Ca, 220.00 Ma, Freshwater Wins
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Figure C.6: Stage set N, 210.00 Ma, Winner take all
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Figure C.7: Stage set N, 210.00 Ma, Freshwater Wins
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Figure C.8: Stage set Ca, 200.00 Ma, Winner take all
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Figure C.9: Stage set SP, 189.75 Ma, Winner take all
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Figure C.10: Stage set T, 179.30 Ma, Winner take all
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Figure C.11: Stage set AB, 170.15 Ma, Winner take all
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Figure C.12: Stage set COx, 160.20 Ma, Winner take all
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Figure C.13: Stage set KT, 150.60 Ma, Winner take all
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Figure C.14: Stage set KT, 150.60 Ma, Freshwater Wins
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Figure C.15: Stage set BV, 140.95 Ma, Winner take all
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Figure C.16: Stage set H, 130.70 Ma, Winner take all
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Figure C.17: Stage set H, 130.70 Ma, Freshwater Wins
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Figure C.18: Stage set Ap, 1180 Ma, Winner take all
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Figure C.19: Stage set A, 105.80 Ma, Winner take all
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Figure C.20: Stage set A, 105.80 Ma, Freshwater Wins
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Figure C.21: Stage set Ce, 096.55 Ma, Winner take all
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Figure C.22: Stage set Ce, 096.55 Ma, Freshwater Wins
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Figure C.23: Stage set TS, 0880 Ma, Winner take all
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Figure C.24: Stage set TS, 0880 Ma, Freshwater Wins
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Figure C.25: Stage set C, 077.05 Ma, Winner take all
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Figure C.26: Stage set C, 077.05 Ma, Freshwater Wins
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Figure C.27: Stage set M, 068.05 Ma, Winner take all
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Figure C.28: Stage set M, 068.05 Ma, Freshwater Wins
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Figure C.29: Stage set DT, 060.65 Ma, Winner take all
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Figure C.30: Stage set DT, 060.65 Ma, Freshwater Wins
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Figure C.31: Stage set Y, 052.20 Ma, Winner take all
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Figure C.32: Stage set LB, 042.90 Ma, Winner take all
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Figure C.33: Stage set PR, 032.80 Ma, Winner take all
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Figure C.34: Stage set CB, 022.19 Ma, Winner take all. Arcuate pattern of empty
cells is an as-yet unexplained artifact of the rasterization process.
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Figure C.35: Stage set CB, 022.19 Ma, Freshwater Wins. Arcuate pattern of empty
cells is an as-yet unexplained artifact of the rasterization process.
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Figure C.36: Stage set LM, 10.65 Ma, Winner take all
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Figure C.37: Stage set LM, 10.65 Ma, Freshwater Wins
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